anuary, 


orm. eopires antory, Perm eapires 
THORNDIKE SAVILLE te IRVING V..« 

HOWARD T. CRITCHLOW.ALBERT HABRTLEIN 

N ~H. THOMSON 


= ‘ 


TRBASURER 


Manager of Publications — 
HAROLD TARSEN 
of Proceed 


be 


Published monthly, , except ju July and August, : at Px. 
itorial and General Offices at 33 West Thirty-N inth Street, New York ell 


of Civil Engineers. 


Y. Reprints from this publication may be made on condition that the full title of pale a 


- at: os name of Author, page reference, and date of publication by the Society are given. — me 


Entered 2 as Second-Class Matter, ayo 23, 1937, at the Post Office at Lancaster, Pa., under’ ‘the A act 
= of March 3, 1879. - Aeceptanse or mailing at special rate of postage provided f for in Section 1103, 
of October 3, 1917, authorized on July 5, 1918. 
Gf entered ‘before January 1) $8.00 per annum. Price $1.00 pe 
’ Copyright, 1946, by the Soctery or 


— 

| 
—- 
§s§gsKsXH 
— 
— 
— 

an 


1 


“Published Discussion 


‘Bakhmetef, Boris A., and Allan, William. _ The Mechanism of Energy Loss in - 
Fluid Friction Feb., 


Camp, Thomas R. and the Design of Settling Tanks Apr., 1945 
Discussion i in Sept., Nov., 1945, Feb., Mar., a 1946. es 


ry John Oran, and Eves, 
‘Highway Transition Spiral 


Discussion in Nov., Dec., 1945, Apr., 1946 Closed* 
Brumfield, R. C. Moving Loads on Restrained Beams and Frames.........May, 1945. a be 
. Discussion i in Oct., Nov., Dec., 1945, Jan., Feb., Apr., May, 1946 a iain one 


Soknston, Milan 0 of Radiant Heat on Reinforced-Concrete Rigid 


‘Frames June, 1945 
{ Stevens, J. "Future of Lake Mead E Butte i 1945 
Discussion i in Oct., Nov., Dec., Jan., Feb., Mar., May, 1946 
Ehase, F. L. Structural Skew Plates............ 
Discussion i in 1945, Mar., 1946 


Laverty, Finley Be Correlating Flood Control and Water Supply, Los Angeles — 
June, 1945 


4 Discussion i in Dec., 1945, Feb., Mar., 


Design of the Tennessee Valley Au- | 


thority er: 
in Dec., Jan., Mar., Apr., 1946.... Closed* 


‘Hugh, M. M., ‘Miler, ond Ket. Shipways with 
on Mari Nov. ” 1945 June 1, 


1946 
June 1, 1946 
Evaluation of Professional Objectives in the Design of Sanitary 
x wi neering Works: Report of a Committee of the Sanitary Engineering Division..Jan., 1946 June 1, 1946 
Senour, Charles. New Project for Stabilizing and Deepening Lower 
River... Feb., 1946 July 1, 1946 


pperger, E.. A. and Davids, N. Critical Stresses in a Circular Ring 1946 J uly 1946 


orbes, Hyde. Landslide Feb., 1946 
in May, 1946 ‘ July 1, 1946 


1946 July 1, 1946 
Express Highway Pianning in Metropolitan Areas. 


Lothers, a E. Torsion i in Steel Spandrel Girders. ..Mar. , 1946 awe J 1946 
Sol. Analysis of Unsymmetrical Beams by the Method of Segments. . Mar. ‘1, 1946 

Howson, Lo Louis Future Costs and Their Effects on E Engineering Budgets. . .Mar. , 1946 Aug. 1, 1946 


Wood, Chute P. Factors Controlling the Location of Various Types of Mar, 166. Aug 1 10 
x — 1946 1, 1946 
Aue 1. 1946 


Committee on Engineering for 1944 and 1945 Aug. » 


Uplift in and Beneath Dome 1946 
Oct. 1946 

Oct. 1, 1946 


a veying and Mapping Division on Topographic Surveys . Apr, , 1946 Oct. 1, 1946 


Nora.—The closing dates herein published are re final except wheat names of prospective discussers are 
— or special extension of time. 3 
Publication of closing discussion pendin = 


sz 
| Blanks, R. F., and Meissner, H. 8. Deterioration of Concrete Dams Due to_ 
- Closed* 
se 
“Closed* 
t owar¢ lathematica xXamination of the 
ti 
| 
2 
Ri 
— 
ON 
ae 
4 


MAY, 194 6 


. 


Thrust Exerted by Expanding Ice Sheet. 

Edwin Rose......... 

Moment Stiffness Relations i in » with Prismatic 


rs. 
By George H. Dell. . 

Model Study of Brown Canyon Debris Barrier. — 


«By Ke Karl J. Bermel and Robert L. Sanks....... 613 


i Effective . Radius. of Drawdown Test to Determi ine Artesian Well. 


Bye 


at 


Opportunities for Sanitary ‘Engineers in the Postwar Period: Progress of 
the Committee on Advancement of ‘Sanitary of the » 


Engineering Division : OF 


Bl 
and the Design o of Tanks. 


Moving Loads and Restrained Beams and Frames. 


Flood Control and nd Water Supply, Sas 


Cvitation in ‘Hydraulic Structures: A ‘Symposium. 


= 
= 
Pace 
— 
7 
. 
\ 
1946 
; 
1946 $45 — 
— 
1946 p u eservoir, — 
19 
| 
ers are 
| 


“a 


‘(Continue 


Express Highway Planning in in Metropolitan Areas. 
By Harry W. Lochner, and Fred Lavis.... 


‘ 
list of Papers and Discussions” may be on the page ge preceding 


The Society is not for any or opinion 
HIN TS TO 
who are planning papers for submission to PROCEEDINGS will ‘expedite 


Fe Committee action measurably by first studying the standard instructions as to " 
style, content, and format. _ For reprints, address the Secretary, Committee 7 
83 Wz. 39th St., New York 18, N.Y. 


ete 


= 


los 
all 
hi 
a 
— 
— 
— 
of 


“AMERICAN SOCIETY OF CIVIL ENG 

Founded November 5, 1852 


_ THRUST EX 


Expansion ¢ a an ice sheet, as the ‘result of s a temperature rise after a a cold” 
Wave, can develop considerable thrust against abutting structures. Design: 
loads. for this effect, on n dams and hydraulic structures have 


allowance to. values of from. 40 to 50 kips per lin ft. study: and analysis, 


parr) to obtain a rational procedure for es estimating the magnitude of ice 


_ pressures, and a review of available material on the subject a are a in 


considered in ‘the: study of pressures s developed. The effect 
testraint around the edges of of ‘the ic ice sheet i is is estimated. ed. ‘Thickness an and 
Ting of ice sheets, “extreme t temperature variations occurring in ‘nature, 
“field of ice” temperatures and pressures” are discussed. 
analysis is made, for comparison, of measured and com pressures.. Curve 
“are given to provide a guide for the reduction in reservoir water elevation 
“allowing for the ice-thrust effect on existing dams subject eS ice pressure but: —_ 
os It is concluded that | design loads of from 40 to +50 kips per lin ft are too | ax 
and are not Tealized eve even ‘under the m most severe conditions. 


f analysis show Pressures developed for. the important factors of thickness, 
rate of increase in air temperature, lateral restraint, and solar er r energy absorption. ” 


dete are presented in in graphical form to facilitate the selection cand 
interpolation ¢ of values for design loads and indicate maximum probable ice . 
_ thrusts for continental United States to range from 5 to 20 kips } per lin i. t 


—— 


aianXO™ .—Written comments are invited for immediate publication; to insure publication the last 2 
= ussion should be submitted by October 11,1946. 


1Engr., Bureau of Reclamation, U. 8. Dept. of the Interior, D Colo. 
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1. 


L ar In latitudes where severe winters prevail, a solid covering g of ice forms on 
quiet surfaces sal rivers and lakes. . When such an ice sheet i is subjected to a 


have conducted numerous difficult experiments and have obtained 
important data pertaining to the | physical properties ¢ of ice, but the complexity 
oft the problem is such | that the magnitude o of the thrust exerted by an expanding 
ice sheet cannot be predicted accurately. The variable nature of the load 
deformation and of t the thermal expansion properties o of ice makes this a 
In the design of dams the consideration of ice pressure has varied from no 
a allowance to values as high as 50 kips per lin ft (1)(2)(8). (The kip is 1 
that is, 1,000 lb. high estimates have been based on a 
7 - crushing pressure of ice of about 400 lb per sq in. Assuming that this crushing : 
” pressure was realized at the u upper surface and that no pressure was exerted at 
the lower surface, the total force developed, assuming linear variation within 
i ice se sheet, computed as 2 ,400 Ib per i in. of ice thickness. per linear 
4 For an 18-in. ice sheet, , the thrust would amount to « 43,200 lb per lin ft 7 
ad am However, the } peculiar p plastic properties of ice, and the effects of incomplete — 
restraint and limited temperature variations, make it seem unlikely that such 
eh pressures would be realized, even under the ‘most severe conditions. 
_ Experiments conducted by E. Brown and G. C. Clarke, M. ASCE (38), indicate 


that, because i ice flows when it is loaded, considerable pressure can develop 


ne simultaneous occurrence of critical conditions | of the many y variables 


required to ‘produce e any considerable ice pressure seems r: rather improbable. | 
Nevertheless, experience | has shown that such pressures ¢ can, and occasionally 
do, develop. The designer is interested in the ‘maximum probable pressure 
7 likely to occur within tlie life of a particular structure, and the present | ‘study 
was conducted from this viewpoint. = It is proposed to present a review and 
study of the material available on this subject and, by application of experi- 7 
mental data, to. obtain : a rational procedure for determining the magnitude of © 

ice pressures on dams. Properties of ice are so variable and experimental and 
field data are SO scarce that the results can be only an n approximation o of actual 


= lange fields of moving ice also is not discussed. 
hag 


: 2. Pr gs oF I 
LASTIC PROPERTIES OF IcE 


q 
| 
| 
| ‘ 
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— q 
im 3 
ti 
Ez. 
rtance. The thrust exerted 4 
also changes with the structure of the ice and with the direction of 
loads according to the optical axes of the ice crystals. In the formation ofan 
i t hus: (1), ref h Appendix). 


= 
ice sheet, the ice _— are so oriented that the ‘optical . axes are normal to | 


Values of the modulus « of elasticity of i ice have been determined by different — 
__ investigators -(1)(4)(6) and range from about 250 kips per sq in. to 1,400 ips 
‘per sq i in. The variation in the time factor i is the principal cause of the wide 
range of values. The maximum value cited (1,400) was determined 7 
dynamic methods and is unaffected by progressive yielding (4). . The modulus 
of elasticity is greater with lower temperatures and decreases as the — 
- toad i increases, and also as the loading time interval increases. 4 Tests reported 7 | 
_ the Joint Board of Engineers for the St. Lawrence Waterway (6) show 


plastic action under very, small loads. 
TT he applied | load and the rate of applied loa load i in the problem under con- 


“sideration develop as a result of the rate of expansion n of the ice sheet. Ice ex- 
_pands with increasing temperature and contracts with decreasing temperature. 


However, ‘the coefficient of expansion of ice is also variable with different 
temperatures, increasing with increasing temperature. The mean linear 


coefficient of expansion is about 0. 00003 per degree Fahrenheit. ee 


The crushing strength of ice has generally been : accepted as about 400 lb = 


The sq in., but this also depends on the rate of loading and the = 


The St. Lawrence Waterws way tests (6) show a considerable increase in crushing 
_ strength as the temperature | drops, values of 300, 693, and 811 lb per sq in. 
being recorded at temperatures. of 28° F, 14° F, ‘and 2 “ respectively. 


8. LABORATORY Data 


In 1932 on Brown and Clarke presented (3) results of lsherstecy tests 
designed especially | to secure data on pressures exerted by expanding ice. 

n 3- in. cubical ice specimens placed between two : 

“testing machine. was oriented that the 


trolled | temperature changes and 
the force developed. by the 
expanding ic ice was measured. 
‘From the results of the tests, 
Messrs. Brown and Clarke plot- 
— ted a curve (3a) showing the 
nonlinear relation between the 
rate of change of temperature 


7 


Rise per ee 
_ in Degrees F. 


> 


ege 


ate of Temperature 


f and the rate of change of pres- 
Sure, Fig. 1 (mostly from data 
released by Messrs. Beowa and Fra. 1.—Pressuns Resvutine From 


y *7; Pressure Increase, in Kips per Sq Ft per Hr 


THE TEMPERATURE OF (Tests CoNDUCTED 
Clarke (3)) shows that, as the No Larerat Restraint) 


ion, the rate of change | of pressure increases at a greater than linear 
-Tate, _ The dotted part of the curve, indicating a slight extension beyond wd 
Brown-Clarke experimental data, is based on results of tests on continuous 
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Papers 
yielding li ‘ice wader sustained load given in the Report of the Joint Board 


of Engineers | on n St. ‘Lawrence Waterway 


If temperature change in the ice is relatively rapid, the flow strain lags in 

relation to total strain, causing greater pressure to develop than occurs for 

the condition of slower temperature change. - These experiments serve to 

= previous tests and provide definite data on the magnitude of the forces 


As mentioned by Messrs. Brown and Clarke, the ‘test “aniline of their 
"experiments | are not entirely representative of field conditions of an expanding 
ice sheet: First because of the rate and extent to which a rise in air temperature > 


will be felt through the ice | sheet and, second, because of the effect of lateral 


a of the ice in a direction parallel to the dam. _ By pore the 


pressure change develops when the temperature rate of change | is greatest. 2 


Thrust, in ‘Kips per Linear Foot 


‘sheet. since cracks generally form at night when the i ice _ contracted. The 

cracks become filled with water which freezes to form a solid sheet at daybreak | 

when the normal conditions for expansion begin, A 
Since the rapidity of temperature | rise is of great importance in the develop- 

ment of expansion pressure in an ice sheet, it - appeared desirable to ‘compute 

_ pressures for r several different, rates of air- -temperature 1 rise and various thick- 
nesses of ice sheets. Consequently, ice pressures ' were calculated f for 


. _ temperature rises of 5° F, 10° F, and 15° F per hr, hr, for i ice thicknesses as great 


as 4 ft . The results are shown in Fig. 2(a). 
used in this analysis were as follows: 


The initial ice temperature varies air 


— 

; — tm _ analysis can be made that will give the maximum ice pressure for these condi 

tions. Crack formation is assumed not to affect 

— 
— 
on 

0 
iii a 
— 


The air temperature changes at rates of +5°F A), + +10°F 

‘teow B), and + 15° F (curve C) per hr, from - 40° F to /- 32° F; then a 
aes constant at + ll F — the temperature throughout the i ice sheet 


the a air surface i is assumed the same as the air temperatu 


7. Poisson’s ratio, (4), equals 0. 365; and 
solar energy is neglected, consideration of this factor 


being treated subsequently. 
temperature gradients within the ice sheet are computed by ‘ie 


approximate method developed ‘Schmidt (9)(10)(11)(12). The ice 
~ sheet is considered divided into a finite number N of slabs having equal thick- 
ness increments » AL equals LIN, normal to the surface. 


three points, P, a and r, , distances AL | apart, then 

in . which 6’ i is the temperature of point q at the end of the time interval At. 

From the temperature gradients in the i ice sheet thus computed, the a a 

sures at various depths developed are determined from Fig. 1. The total load 

per linear foot of structure can then be computed by summation ’ ‘across the 

depth of the ice sheet. + Loads are plotted for various depths of ice sheets i in 

&F ig. .2(a). A maximum pressure of about 11.8 kips per lin ft is indicated for 

the 4-ft ice sheet for no lateral restraint. An independent analysis of ice. 

pressure, by. B. R. McGrath for an eneed air-temperature rise of 10° F per 


ea a good comparison with the results shown i in Fig. 2(a). ete _ 


The effect of lateral restraint is estimated on the basis of the behavior of 

| elastic ‘slab. Elastic behavior is approached only for the conditions| of 

very rapid strain: changes when flow is small. Poisson’s ratio may. not be. 

a pplicable- for flow conditions, but pressures based on elastic behavior for 
=a conditions will give the most severe loading. _ The ratio of i increase 


in stress for complete lateral restraint to the stress developed for no lateral 
“restraint is is given t by — Assuming 0.365 (4), a factor of 0.575 is. 
obtained for: the i increase in ice thrust resulting fr from complete restraint. . The 
— values computed for no lateral restraint are increased by this factor and are - 


plotted as dashed curves in n Fig. 2(a). These curves represent the upper limit 


or extreme pressures s for the assumed conditions. The maximum pressure for 
template lateral for the 4-ft i ice sheet is shown as approximately 18. 5 
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Papers 
Pe 
— ‘Although the curve in n Fig. 1 cannot be on for more rapid temperature 
rises, rough estimates of pressures were made for extreme cases with rises of 
(20° R and 72° F per hr. Thrusts per linear foot of ice sheet 1 ft thick amounted - 
: to about § 8 kips and 15 kips, respectively, for no lateral restraint and to about 
12.5 kips : and 24 kips, , respectively, for full lateral restraint for the 20° F and the 


12° F 7. A 4-ft 1 ice sheet i is estimated to exert a thrust of from about 15 kips 


7 for n no lateral restraint to 24 kips for full lateral restraint for the assumed | 


air-tem erature rise. a 
Sonar Rapia ATION CONSIDER 


i Ww hen the i ice sheet is free of snow and exposed to parm its temperature | 
may have an added increment of i increase by solar radiation, quite apart from 
the | change caused by an increase in air temperature. Some increase in ice 
pressure may be anticipated because of absorption of solar energy. | nent ntts 

‘The magnitudes of ice thrusts are computed to include the ‘solar. "energy 

.4 effects for the same | conditions assumed in the preparation of t the data 2 presented 


Section n The e following additional ‘made made for inclus inclusion 


of solar solar radiation: > 
9. . The latitude i is 40°; i 


An. atmospheric transmission constant (13)(14) of 0. 9 is based on 
die atmosphere of low humidity at a fairly high elevation for continental. 
United States;and 

J 12. A coefficient of heat transfer (9) of 2 Btu per sq ft per hr per degree 


‘Fahrenheit is is assumed to allow for surface losses of the absorbed solar energy. 


. For | these assumed conditions, the solar energy that 1 reaches | the surface of 
the ice sheet during n midday is then about 250 Btu. per sq sq ft per chr. N~. EL 
Dorsey (4) states that, in the visible spectrum, tt the absorptivity ¢ of ice is small 
but that, beyo ond a wave length of one micron, it is great and analogous to 
water. Consequently, about 40% of the solar energy Teaching | the surface, 
essentially all that of wave length greater than one micron, is absorbed within — 
4 in. of the surface. For a clear ice sheet, 1 ft thick, an additional 15% of | 7 
the energy is absorbed whereas, for a Aft thickness, | this additional absorption — 
_amounts to about 25%. . Most. of the remainder of the e energy is scan 
although : a § small percentage is reflected. > 
‘The results of this : analy sis, shown i in Fig.’2(b), indicate that the a absorption — 
of ‘solar energy may produce a considerable increase in thrust above that — 
‘caused by the rise of the air temperature only. This analysis is believed 
a based on severe assumptions, and therefore the results represent a reasonabl ‘7 


ie me estimate of the maximum value of ice thrust. A maximum pressure of about — 


; 3 14.2 kips per lin ft is shown in Fig. 2(b) for the 4- ft ice sheet with no uel” 
i restraint and with an air-temperature rise of 15° F per hr. This value repre- 
sents about a 20% increase in the ‘corresponding p pressure developed, ‘neglecting 
_ solar r energy. _ For the thinner ice sheets, the percentage of pressure increase 


10. The vernal equinox is : considered as the time limit for the formation wall 


. 
« 
4 
fim 4 
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= energy yas affect the temperature and pressure ¢ changes i in the i ice ‘eich 


- include: The sun’s s altitude, cloudiness, s, elevation above sea level, sky 1 radiation, 
_ atmoapheric transmission losses, clearness of ice, wind velocity, and losses due 
to convection, conduction, back radiation, and evaporation. 

obtained at reservoirs controlled by the Bureau of Reclamation, 


United States Department of the Interior (USBR), show ¢ cases in which the 


ice sheet does not freeze s solidly to the structure but is ; separated from the dam 
a film of water or unsound or rotten ice. Similar conditions often exist 


a around the edges of a reservoir, in n which case restraint is very limited. c Factors 
> 


which may contribute to this: condition are exposure of the - upstream face of a 
am to direct sunlight and heat stored in a massive concrete structure. - ll 
such conditions, when the ice adjacent to the dam is melted, rotten, or slushy, 


the thrust transmitted to the dam i is insignificant. 


. soi the upstream face of the-dam is in the shade so that the ice sheet a 
likely to be well fi frozen to the dam and if a similar condition exists around the 
shore in the near vicinity of the dam, but a considerable area of the e central — 

part of the ice is exposed to the sun’s peso then a condition — 

‘ exists favorable to the development of an increase in pressure against the dam 

as a result of solar energy absorption. ; , 


en 

6. Fretp Data on Ice PRESSURES 

The late W illiam Cain, M. ASCE, cited a case (1) of the field 

Boke ice pressure in 1 which e expanding ice between two bridge abutments 90 ft 
apart caused the surface to arch the ice 3 ft above its original level, developing — 
a thrust of 21 kips for a 12-in. ice sheet. . This value ‘presumably. represents 
- thrust per linear foot although the reference (1) does not state specifically. 

by the thin -eylinder formula gives: 20 kips per sq ft for this 
pressure. _ Another case of record (1) is that by — Duncan MacPherson con- 

cerning a bridge p pier subjected to ice aw essure on one side nag ae thrust 


the gate, "exceeded 7.4 kips per lin ft (15). 
ee Ice pressures and ice temperatures were measur ed at the Hastings Lock and 
: Dam on the Mississippi River in Minnesota during the winter of 1932-1933. 
| t An account of these measurements (5) was given by H. M. Hill, M. ASCE. 
Simultaneous records of pressures. and temperatures were obtained for a period 
ofseveraldays, 
Measurements were taken at ‘two different locations and by two different 
methods In the first method, : a simple beam of two 10-in. channel sections 
was placed in the plane of the ice sheet supported against the guide w. all of 
e the lock at the west side « of the river. The beam was calibrated i ina testing — 
q bee prior to a use, and the deflections were read by a micrometer with | 
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pressures were determined i ‘in the upstream-downstream direction 
7 i y strain measuremen s in the principal upper members of the Tain er gate : 
; near the central part of the dam. _ The pressure was determined directly fro from a 
q _ the stress-strain relation and the horizontal component of the strain measure- 
‘3 ment in the members. The gate framing is complicated, and a more exact — = 
ay determination of pressure would have necessitated strain measurements in all : - 
members of the gate. However , the strains in the top | member provided oe 
guides to the intensity of i ice pressure. 
PE temperatures at depths of 6 in.; 12 in., and 15 in. in the 18-in. ice 


sheet were recorded at a 2 point i in the : shade ne near the test beam. Noi ice temper- — 
atures were measured at the -Tainter - gate. T here was a 2-in. cover of. snow 
on the i ice sheet during the period of measurement. 
‘The ma maximum pressure measured at the beam was about 1.4 kips per per lin ft 
ts and that | at the ‘Tainter ‘gate 1 was about 4 4 kips per lin 1 ft. . Factors that might 
F have caused a ar; ger pressure to exist at the gate are: (a) Increased thickness 
_ of ice sheet at the gate, (b) the downstream drag of the current on underside 
ee of the ice, and (c) the effect of arch action across those gates, which were 
, “open and through which water was discharging, causing a concentration. of 
_ thrust at the gates: that were frozen . The ‘method of pressure measurement — 
‘was not as accurate at the Tainter gs gate as at the beam. 
_ Measured data at Hastings: Dam indicate that pressure developed a as the 


_ ee of a rise in temperature in the subzero region will no not be as grea eat as that 


q resulting from’a similar ‘temperature change above zero. 


The sininial of the ‘most rapid temperature rise reported by Mr. Hill. at the 
= gs Dam (5) is selected for study. _ For the 23-hr period from midnight, 


17, to p.m. m., 18, the rose from 10° to 32.5 


ye 


and Clarke to the temperature actually recorded in the i ice 
this period, pressure changes are computed to provide a check on the pressure 
_ changes determined from deflection and strain measurements over this same - 
a comparison of the » enna ice-thrust changes (in pounds per linear foot) 


aS 


a cans with: those computed from the measured ice- —_— data is as follows: 7 


_(Poisson’s ratio assumed as 0. 365). 


‘The record of temperature change indicated hi 538° } F per br for 13 hours, 


followed by 0.250° F per hr for 10 hours. _ Inspection of these 1 values: discloses 
that the computed change in ice iniaie with — lateral 1 restraint (904 1b lb 
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+d per ft) provides a close check on the measured value at the beam (890 Ib | per ft). 
‘However, ‘it is not likely that lateral restraint was complete at this location. 


slight i increase in value over the computed 
The measured thrust at the Tainter | gate (3,500 lb per ft) is po high 
iG compared with that computed for complete restraint, but this unusually large 
a value may be charged, at least partly, to the factors in Section 6. _ The uncer- 
- tainty of the effect of these various factors scarcely justifies a quantitative 
| comparison of measured values at the Tainter gates. However, the actual 
pressures s developed at this location : may be _ than those computed from 


P air-temperature rise, some study was Aerie the literature to determine the 
extent of extreme variations in nature. rises 


one case of a ‘a rise of 27° F in 
8 min. 


ound in the Black Hills | region ‘of South Dakota in January, 1943, , after a 
: severe cold wave in which low ' temperatures of of — 40° F were recorded. ‘The’ a 
"temperature at Rapid City, N. Dak., was characterized by alternating ad 
rises and drops, such as a rise of 32° Fi in 4 min, followed by a drop of 22°F 
in 3 min, and then by another rise of 36° F in 5 min. ‘The interval between a 
_ these periods of extreme changes was usually less than an hour. After several 
: cycles of this type of variation, the temperature » remained stationary above | 
a freezing. An extreme rise of 49° F from — 4° F to + 45° F was recorded | in 
min at Spearfish, 8. Dak. , during this. same period. Earlier Black Hills 
records include a number of similar fiuctustions but none of such aia 
pe ‘These records indicate that very rapid temperature r rises do o occur in nature, Bio ace 
Although the cases cited are extremes, it is not unreasonable, in certain localities __ 


where chinooks are common, to expect rapid temperature rises from subzero 
Sat to above the freezing point at rates of the order of 5° F to 15° F a 


9. ConsIDERATION oF Buckine OF AN Icz 


In an elastic-slab analysis (17), Albenga indicates that foo 
Would buckle long before the high pressures sometimes considered ed could 


it as an. n elastic ; slab, simply supported at the boundary, and computes the 
a “critical pr pressure ure applied at the edges at which buckling will o occur. A critical 
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PRESSURE 


Berphel about 16 kips per lin ft is s obtained for an ice sheet about 20 in. . thick - 

7 a square basin about 165 ft ona side. 
_ In an unpublished memorandum on this subject, R. E. Glover states that — 
a has neglected the | stabilizing effects of flotation forces on the © 


to modulus of elasticity used in Mr. Albenga’ s 
a critical pressure of about 35.4 kips per lin 
——: this point, the reefs or pressure ridges formed on northern lakes by the 
iT bo expansion and buckling of an ice sheet might be mentioned. Records indicate 

7 . that reefs form in a warm period pr preceded by : a very cold one , and that — 
x the ice is free or nearly free ¢ of snow (7). - ~ The fact that pressure ridges usuall 
a . y te form when there is little or no snow cover on the ice indicates that the lack of 

‘snow permits more rapid diffusion of surface heat throughout the ice with a : 

consequent development of higher ice pressure. The thermal conductivity of 

snow, especially if it is fresh loose snow, is considerably lower. than that of | 

ice; therefore, it acts as an insulator. 1 Pressure ridges | seldom occur when the i 

ice is thicker than 1 ft although - they are known to have formed with the ice 

20 in. thick. . This ‘phenomenon might be interpreted as indicating that, for 

- ice sheets less than 1 ft thick, the critical buckling load is the limiting factor 

- governing the ice pressure on a dam, whereas, for very thick ice sheets (about 

2 ft or more), the crushing strength or pressure developed before appreciable 


Tuscaunss OF r Ice SHEETS 


air temperature is a factor that controls the rate of freesing 


ole 


of about 2. 5 ft during the of record. Although data : are 
"obtained f for the latitude le range « of f continental U nited States, greater thicknesses 
do occur in this country, and ice sheets more than 5 ft thick have _— 
sured i in Russia (18) and northern Canada (6). 
‘The data recorded for the USBR projects also reveal that considerably 
- greater ice thickness develops at places that are free of snow as” compared to 
_) the snow-covered parts of the ice sheet a short distance away. ‘This is in 
*  aecord w with expectations, but the extent of the variation in thickness is some- 
times considerable. For example, on one reservoir, , two measurements were 


i taken approximately 60 ft : apart, and the only tester that could be noted as 


SA contributing to the difference i in ice thickness was a snow cover of 6 in. at the | a 
one. point with no snow at the other. The ice thickness, relatively early in 
_ the winter period, was 9 in. at the former location, compared with 23 in. at ‘* 
the point — of zero snow cover. Later, during the winter, the thicknesses at 
- these two places ‘approached uniformity as the result of continued cold weather 
the drifting of s snow. High winds sometimes s keep the i ice relatively 
of snow, even after a considerabl 4 
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PRESSURE > 


-Repuction IN LEVEL TO THRUST 


 Atan an existing dam, , designed with no allowance for ice pressure, the following 
_——— may be used to provide safety against expanding ice. 7 Generally 
all dams are designed for the full reservoir condition with the water surface 
at or very near the top of dam. It would be possible to compensate for the : 
effect of an ice thrust by lowering the reservoir level during the season when > > 


ice pressures may exist, so that the total load at the critical section would not 7 


be larger than for the full reservoir 


INC 
| 
| |g 
CURVES 7: (b) CURVES Yj 
MO) ON SHER) YY, 
Fig. 3 shows the required lowering (y) of a reservoir to balance the effect 
of the indicated ice thrusts for variations in the heights" (Y) of dams. “The 
criterion used for the reduction in Fig. 3(a) is the moment at the base, whereas “ 
Fig. 3(b) shows similar. results for the horizontal shear as | as the | governing factor. ‘ 
Inspection of the curves in ‘Figs. 3(a) and 3(b) discloses that the moment — 
effect governs (that i is, yields larger reductions in the water level) for all heights — -_ 
greater than those at the maximum points of curves in Fig. 3(a). location 
above which moment governs rns and below which shear governs is , shown by the Es ae 
indicated lines marked “moment-shear line”’ in Figs. 3(a) and 3(b). . The base a 
of a dam is ordinarily | the critical section, but the curves can be applied to any : 
- other elev ation by considering the height above the elevation in question. rer? 
_ ‘The curves are applicable to the gravity- type dam i in which the load is trans- Ms 
ferred vertically downward to the foundation. 
a The | curves indicate that, in the case of high dams, the ice thrust (Hi) is 
of relatively minor importance in its effect on forces at the ba: base of of t the section, 
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whereas for low dams it is of considerable importance For high dams, it 
a : should be borne in mind that an elevation at, ‘say, midheight, might give a 
‘condition more severe than the base elevation, even though the latter is the 


location of maximum stress for full reservoir. — - Complete « consideration of this 7 
factor requires actual stress and stability analyses. 

ei * In regard to the magnitude 0 of ice pressures against dams, design loads of 
from 40 to 50 kips per lin ft : appear to be too severe. A general guide for the 
determination of design loads, based on analysis applying available laboratory 


test data, is established s so that a a a reasonable estimate can be made by eye 


A fair estimate of the n maximum ice pressure | exerted against a dam or 


structure can be obtained from Fig. 2. te apply these data to 
particular locality, it is necessary to establish (1) the maximum thickness to 


o be expected, (2) the maximum likely rate of air-temperature rise, (3) the 
- extent of restraint at the proposed. structure, and (4) the extent of | exposure 

to solar radiation. The first two items can be determined, at least approxi- 
mately, by study of meteorological records and historical dete for the region. 
Ms _ ‘The third can be estimated by study of the topography and of the > location 
- and type of structure to be built. . The : exposure of the ice to ‘solar | radiation 
winter can be determined from the | location of structure. With these 
variables known, the corresponding» ice pressure developed can be obtained | 
from Fig. 2 Although field measurements are too meager to be conclusive, 
they indicate that slightly higher pressures may exist than those determined ’ 
=. by y application « of the experimental temperature-pressure data 12 22 
i. a Ine consideration of of restraint, the effect of sloping « or of unstable > banks i is wie 
_ primary importance. . If the bank parallel to the axis of a a straight ¢ dam is s steep 
and the banks on the sides are also steep, and if the ice is solidly frozen to the 
--Testraining edges, then restraint is complete, o or + nearly so. If the opposite — 


bank is is steep but the banks on the sides are sloping or unstable, the condition — 


> + 7 ee no lateral restraint is approached. If the edge of the ice sheet on all sides — : 
free to slide u up sloping banks, then a condition of no restraint exists; conse- 
quently, the exerted against structure is is minor. The curves for 
complete lateral restraint in Fig. 2 represent the extreme pressures based on 
very severe condition of elastic restraint. As such these curves represent 
een outside limit for the air-temperature change and thickness considered. a x 
a Direct exposure of the ice sheet to the sun’s rays results in an additional y 
rise and the transmission of increased thrust to 1 the dam. If y 
sound ice is frozen solidly to the dam and a large part of the ice sheet is exposed 
Aah | a the sun’s rays, , an allowance for ice pressure can be determined from ‘Aig. 7 4d 


lane Comparison of results shown in Figs. 2(a) and 2(b), considering : no 
Pics — lateral | restraint, r reveals that inclusion of solar energy causes increases in ice 4 
pressures of from about 10% to 65%. This inclusion of solar ¢ energy is based 
ons of 40° latitude and the im of the vernal equinox. — 
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Pet Before making a satin selection of the value obtained by use of Fig. 2 
as the design load, consideration should also be given t the following factors : 


_ which may dictate some modification or s or special study: 
1. The drag of current under an ice sheet, especially i in regard to river ice; 
2. Snow cover on the ice 


3. The action of wind; 
Confinement: of ice in a location | where volume expansion 


process may cause damage; and 
. Fluctuation in reservoir water-surface desing, 
> drag of the current beneath an ice sheet (factor 1) is 


| ‘important in regard to river ice. If continuous snow cover can be assumed 
“(factor 2), the insulating « effect. will reduce both the thickness of ice ———. 

rate of ice- temperature rise. Wind will tend to keep snow cover 

‘from remaining on the ice (factor 3). strong wind blowing toward the dam 


‘May cause an increase in thrust due to skin- friction action ¢ on the i Ace surface. 


be piling against structures and through passages. This special 

‘problem is not considered herein, but is discussed elsewhere (8). Volume 
“Ni expansion during the freezing process creates extreme pressures at places 
= where opportunities for expansion are restricted (factor 4); but such con- 
tion ditions | are not likely to ¢ occur in rivers or lakes. Appreciable change | in e 
hese = 
ined 
sive, | 
ined 


of 5° F, 10° YF, and 15° F per br. 


of Values of from 5 to 20 per lin 
is of | 


are indicated for maximum probable ice thrusts for continental United States. : 
For those limited geographical areas where extreme temperature fluctuations 
have occurred and might be anticipated in the future, the maximum | penn 

- expected (even for e¢ conditions of severe e restraint anc and thick i ice with solar energy 
included) i is estimated at about 30 kips per lin ft as an extreme value. Regard-— 
Tess of the rapidity of the rise in the air temperature, the rate of temperature | 
tise in the i ice sheet is a function o of the diffusivity constant of ice and conse- 


quently oc occurs at a more limited rate at greater depths. Ati increasing 


al ; _ The critical buckling pressures: obtained by considering the i 1€ ice s sheet as an 


10ona 
a If 


d 


- dastic slab are probably not ordinarily 1 reached, primarily because the plastic — 
yielding effect cannot be accounted for. Records of reef formation indicate — 
P that arching and buckling of an ice sheet does occur but that there is a limiting e - 
- thickness: of about 1 ft beyond which buckling will rarely | occur. i This fact 
might indicate that in a heavy i ice sheet the stability is greater and that the 
flow of ice under pressure relieves the critical pressures required for buckling. 
e Inc cases where the i ice sh sheet i is closely r restrained and the horizontal dimensions” ee 
are relatively small, more | pressure may develop than in in the: case ofa an ice 
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extreme that the thickness is small enough. 
For existing structures not designed for ice pressure, although such pressures | 
‘may occasionally occur, it may be desirable to limit the elevation of the 
‘reservoir surface during the winter season so that ice pressure would not be 
acting coincident with th the full full water-load condition. Generally, al all dams are 
ey designed for the full reservoir condition with the water level at or near the top 
of the dam. . Fig. 3 presents | the curves showing th the ‘required \ water-surface | 
, reduction from full reservoir condition during the season when ice ‘thrust ; may 
- occur so that the added effect « of ice thrust is offset by the | reduction in the 
water load. Curves are shown for several assumed values of ice thrusts for 
” various heights of structure, based on moment and shear as governing criterions. 
| he e effect of ice thrust is of relatively minor importance at | the base of high 
dams; but for low sections it represents 2 a factor of considerable importance 
— even for small i ice loads. The data i in Fig. 3 are based on the e assumption that 
the load is transferred vertically down to the foundation. For 


a the effect of i ice load on stresses in an arch dam could not be studied i in ais 
but would req omplete stress analysis. ( 
manner, ut would require complete stress ana ysis. 
In general, the discussion has been applied to pressure against a 

Age 


— : nearly vertical face of a concrete structure. _ Since the adhering power of 

sound ice is great, considerable pressure could be exerted even though the § 
- surface of the structure is somewhat sloping. - The slope o of an earth dam 0 
_ would be very ‘flat, however, and the extent of any damage | would likely be 
limited to disturbance of riprap and surfacing material. 


Because of the complex nature of the problem and the need for additional e 
data, the ice-pressure problem was not analyzed more thoroughly and compre- ‘& 
; z ‘enabedy at this time. It is desirable to secure test data to determine the ae 
‘ effect, of lateral and to obtain more field measurements of 
both ice temperatures and pressures. When this information is available, it 
‘should be possible top prepare more definite design « data. The results do present a1 

a reasonable basis for evaluating - the ‘magnitude of the ice pressures to be 

expected for the important factors of ice thickness, rapidity of air-temperature 
“rise, lateral restraint, and solar radiation absorption. 

‘The material presented herein is a result. of in the Denver 
a (Colo. ) office, USBR. = _E. H. Larson assisted the writer in computing the data. ls 
Comments and suggestions by R. E. Glover were appreciated. ~The work was (16 
; conducted in the Technical Engineering Division under the direction of Ivan "" 
a a E. Houk, M. ASCE. All designs and investigations were supervised by J. L. a 
Savage, Hon. M. ASCE. All design and construction activities were under 
= the general | direction of ‘Walker R. ‘Young, M . ASCE. All activities of the ag 
= _USBR were under the direction of Harry W. . Bashore, M. ASCE, commissioner, be 
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connection n with studies: es aimed ati improving the economy of an n existing design. a 
A method of determining the ‘moment-stiffness r relations, u using ; moments 


AMERICAN | SOCIETY OF ‘CIVIL ENGINEERS 


PAPERS” 


MOMENT-STIFFNESS | 


‘CONTINUOUS FRAMES V WITH 


PRISMATIC. MEMBERS 
BY GEORGE H. DELL, Assoc. ASCE 


revisions and analyses, starting w with an estimate of the stiffnesses of the various 


members. On the basis of the stresses obtained an analysis of this 


The design. of a continuous frame usually i involves a process of 


some are deficient | in strength. ee designer then ‘makes whatever changes 7 
seem appropriate in those mem ni 
may have to be ‘imei sever ral tim 


When the stiffness of one more 

the members are affected. Since the moment a ina ‘continuous 
structure is a function of the stiffnesses of the various members, the differential 
of the moment (or moment differential) is a function of the ‘differential changes” 
in the stiffnesses. resulting relation between the differential of the 
ment and the differentials of the stiffnesses is designated-a “ ‘moment-stiffness 7. 
relation.” I In some types of structures: composed of prismatic members, the 
analytical part of | of the design procedure may | be facilitated by the use of such 


moment-stiffiness ss relations. . Moment-stifiness relations ‘may also be used in 


it is found that some of the 1 members a are unnecessarily strong 


sreated by unit couples s applied at the several joints, ar and by unit horizontal 
forces at the joints in cases involving sidesway, is presented - in ‘this paper. 
The numerical values of the moments resulting from these unit couples and 


from unit horizontal forces are available for use in | obtaining the stresses pro- 


Nore. —Written comments are invited for immediate publication; to i insure publication the last me 3 
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‘The also includes a a description and illustration of a procedure v 
oe the x moment- nt-stiffness ‘relations can can be used to iia ring the design from th from the pre- ff giv 
‘Since the shears, re reactions, aad Got efl lection may be obtained from the mo- 


h 
nts, the diffe re changes i in these be calculated 


from the differen ntial changes i in the if desired.  stifi 
‘a types of structures ric re t eo e in which the members, assumed def 
e prismatic, are subjected to bending an es ra earing forces in a single plane § tio1 

nd w which may be analyzed from a consideration of the equilibrium of moments § &P 
ontal forces at the various example, continu 10U s beams, 7 
ctan bents of one or more stories, saw-tooth bents such 1 as ‘those 
wn subsequently in Figs. 1(a), 2(a), 3(a ), and 5. A . wh 
xperience certo that moment-stiffness sliiene are a useful aid i in the Bf bec 
esign of continuous framed structures composed of prismatic. members, par 
ularly in cases where the columns are ‘subject to moments of considerable: la 


mene These relations s also provide a a basis for the determination of pos- 4 


7 
= improvements ir in an existing design. 


: As ‘differ ential quantities a are only | approximate representations s of the true end 

changes, ‘the: relative stiffnesses upon which the moment- stiffness relations a are 


based should be chosen with care, or or they should be determined | from mo 
preliminary design, and the final results should generally be: checked bya a direct fixe 
analysis. It should be recognized 1 that, in some instances, where large stiffness [J mo 
occur, the ‘moment differentials will be subject to rather large errors line 


= 4s =% and also that, where only minor changes i in stiffness occur, the use of moment- 

stiffness relations i is not particularly advantageous unless subsequent economy 


‘a. sign convention used for) moments is as follows: Tension on the upper F 


side of a horizontal member corr corresponds | to > negative moment : at the left end 
at positive m moment at the right end ; for or vertical or inclined members, tension B me 
on the left face corresponds to negative 1 moment at the lower end and positive e § val 
moment at the upper end. Horizontal shears at the ends of vertical or in- 


“clined members are considered Positive when acting toward the Tight. “Letter = 


ae A general e expression for the moment-stiffness re relation (that i is, the e relation a 


eeweee the moment differential and the — in the stiffnesses of the vari- § 


| 
— d in original ctrueturea hy tho 2 hinatians af A 
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— 
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ie ous members) may be derived by analogy with the analytical process used in 

the determination of the moments. With the general expression as a guide 

d and 

~~ §i (see Eq. 7), the moment-stiffness relations for a particular structure may be 

evaluated most conveniently by ‘moment-distribution procedures. 

ereby 2” A brief description of the types of structures dealt with herein has been 

given in the ‘ ‘Synopsis.’ regard to any typical member, AB (horizontal, 

A vertical, or inclined), i in such structuies, the moment at point A is the sum of 


the fixed-end moment due to lends ‘between points A and B, and M’,z, 
_, , theelastic moment or “M’-moment. The latter (M’ 4p) is equal to the flexural 
stiffness { (x= of the me member, times a linear function, of the elastic 
sumed deformations. The fixed-end moments being constant, the elastic deforma-_ 
plane tions are functions of the stiffnesses of the various members. The following 
is thus obtained for M4 AB: 


The moment is dM az = = a+ Kas aban 


erable In Eq. 2, is the “stiffness-change ratio.” 

of pos- _ “The horizontal shear at point G in a vertical or inclined member | GH, 


wall denoted by | Hani is the e sum of the simple beam shear and the shear due to the 
etd moments, Mgy and Myq. The end moment is the sum of the fixed-end ; 
moment C and the M’-moment. Similarly, by defining the fixed-end shear, 
Q, as the sum of the simple beam shear and the shear created by the fixed-end 
from a moments, the horizonts il end shear H may | be defined as the sum of cen tie 
direct | fixed-end horizontal shear, and H’gq, the horizontal shear due to the M’ 


iffness moments. Shear is then equal to the flexural stiffness, Ken, times a a 


ns are are 


errors linear function, ban, of the elastic elastic deformations. ‘The expression is 


which, by making equal to H'cu/Ken and fa to 


The corresponding shear differential is dHan = bon + Keun 


= H' en ian + Ken (4) 
oft end — An analysis of the moments by either the slope-deflection method or | mo- 


tension ment-distribution oat is equivalent t to making 2M equal to zero » at the 


ositive 

or ir “sway or horizontal j joint displacement, and solving for the M’ -moments, 
Letter then added to the fixed-end moments. Thus, there are two separate classes 
tically, of equations or operations, which, for convenience, will be designated as | “mo- | 


"ment equations” and “shear equations.” In the case of a moment equation 


for a given joint J, the constant term, or unbalanced moment, is ZCs,—the 
sum “of the fixed-end moments at that joint. In the case of a shear equation 


le 


: 

— 

ay 

— 

= 


a given joint or term, ¢ or unbalanced force, ce, is 20, ‘the 
; a sum of the fixed-end horizontal shears, together with any external horizontal 


- forces that 1 may be acting on the joint or section in question. me os el 
_ The moments may be obtained by superposition. Let ma, AB, me, 


be the moments at joint A in the member AB due to unit couples applied at 
joints A, B, . . ., respectively; and let ma1,4B, ma2,4z, ., be the moments 
4 at joint A in the member AB due to mane e ‘shears, 0 or joint forces, 
corresponding to conditions Nos. 2, Of ‘sidesway or horizontal joint 


following relations then be stated: 


A. The M’-moment at point A i in | member AB, due to an erry mo- 


ment of at joint J, is equal to MJ, AB AB 
aw 


ae The M’ -moment at end A in member AB, due to an to an unbalanced hori- 


zontal force of is equal to ma1.AB a 


‘The total va value. of M'ap or r Kan Wap, in Eq. ‘1, due to all the _— 7 
_ ments and horizontal forces is thus given by the following engonnon: 
The ap may then be expressed as follows 
Mas = M4, AB 2Can + ms, Ms, AB 
The way is now paved for describing an analogous procedure of obtaining 
the moment differentials, or moment-stiffness relations. From a comparison 
a of Eqs. 1 and 2, it is noted that the quantity M’' az tap, in Eq. 2, , corresponds 
7 a e. to the fixed-end moment Cas, i in Eq. 1; and the quantity Kap Vani in Eq. 2, 
corresponds to the M’ ‘-moment, represented by the term / KapwWas, in Eq. 1. 
Likewise, from a comparison 1 of Eqs. 3 and 4, it is seen that the quantity 
H GH tex; in Eq. 4, corresponds to the fixed-end shear Qeu, i in Eq. 3; and the 
Kaw: dbo, in Eq. 4, “corresponds to H’gu, or the term ‘Kee do, 
inEg.3,0 


it can n be shown that t, just a as the ‘moments a are re obtainable by making =M 


(aM) equal te sme and “equal 

a zero for each moment equation and each shear equation, respectively. 

# Corresponding to t the x moment equation for a given joint J, the ‘unbalanced 

af ‘moment is 2(M’snizn); and, corresponding to the shear equation for a given 

joint or section, th the unbalanced shear is a). 

In connection n with the determination of the moment differential by 


moment 


r 
— 
q 
i 
I 
i, 
— 
4 
— 
— 


® 


rizontal The total value of the quantity Kap AB - B in Eq. 2, due to all the unbalanced 
. differential moments and horizontal shears, is therefore: Br 
lied = ma, AB 2(M" AntAn) +1 ms, AB 
oments 
forces, 


_ Asa check, it should be noted that the sum of the coefficients oftina 

od hori- plete moment-stiffness relation is theoretically equal to zero. 

Referring to Eq. A the procedure for obtaining the moment-stiffness rela- * 

7 ‘ bo for a given monent Maz, due t to a particular arrangement of loading pro aa 
ducing given M’-moments in the various members, will be clarified by the fol- _ 


: Place a ui a unit ; couple successively at at joints A, B,... 'N and} ‘distribute 
“moments throughout the structure in each instance. This step provides the 


class of for the ends of all in ‘the structure. In 
= 


taining m-moments. 


Line 
nds 

1 Eq. 2, 

Eq. i. 2 Span Length, 

d the <MtMoments 1 +400, 56|-356 433 
zero for 7 Moments ms =0.30)-0.70 -0.15 
noment -0. 10 -0.60 

a given 2, Place a unit horizontal force successively at appropriate joints of the ft 
corresponding to the various conditions of sidesway or horizontal 


Map by joint displacement t to which the structure is § subject, and find the moments thus 7 
produced the structure in each instance, when the structure is 


p, etc. 

alanced ic © 3. “At joint A take the product of n MA, AB ‘(see step 1) times the sum of the © = 


| | quantities M’ a for the various members connecting at that joint; ‘similarly y; 
a 


> 


— 

>. . (5a) 
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ao ‘ean sum of the —o H’t for the various members entering into the 


=. 


2 Original Beam | Moments +77 #120 +113 


3 Original Column Moments. 


5 Shear Differences, 
=A Column Stiffness, K 
we. 


7 Original Column Base Moments 


10 Moments ‘™c 0.000 
11 Moments » mp 


0.309 +0.204 +0.036 -0.060 -0.023 
274 —0.586 164 +0.096 -0.002 
-0. 128 513 —0.360 
—0.857 


0.016 —0.042 40.034 40.201 291 


Moments ma 


Moments mg 
Moments mc =. 
4 


ment m, Column Bases 


ment 1 


application n of the foregoing to a is explaine 

in the following examples, after which the use of reed “aia 7 
gonnection with design will be and 


— 
he r 

relatic 
— +0002 
— 


M ay, 1 1946 ‘MOMENT STIFFNESS" 


Example Simply-Supported Continuous Beam.—In it j is 
required to calculate the moment-stiffness relation for Mp pa in Fig. * if the 
spans AB and BC carry a a uniformly di distributed load | of 53 kips per ft. Fig. 7 
1(a) shows the fixed-end moments, the M’ -moments, s, and the total moments. 
‘The Telative stiffnesses are shown in parentheses (line 1, Fig. 1(a)) . The 
‘moments in Fig. 1(b) were obtained by placing a unit counterclockwise couple 
at successive joints. In: accordance with Eq. 7, the required moment-stiffness 7 
relation is: aM pa = 0. ).34 (400 tas) — 0. 30 (56 tac) + 0.10. 
(- 133 7 ipo + 33 te — 0.05 (0 icp) + 56 taB; or dMgpa 
+ 93.5 ine + ‘Bien. Asa check: 96.8 + 93.5 + 3.3 = 


20! 


wo 
ive} 


—— 20! 


Beam Stiffness, 


Column n Stiffness, K 


— 


Beams: 


Moments ma 0.242 40.174 -0033 
Moments mz 0.060. = -0514 -0 
. Moments mc -0. +0. 163 0.232 -0912 
Moments 4.070 -2110 -4820 
_ Moments Ma .233 ‘+0. 068 
Moments mg 
Moments Mc 
Moments ma 


Pd 


«40.050 0.021, 


Example 2. Rectangular Rigid Frame. ——This problem requires the compu- 
tation of the moment-stifiness relations for Msc and Mara for the loading © 
in Fig. 2(a). The moments: in original — 


pers 
— 
ra 
aCe- 
the | 

wl 6 
* ? 1, | 
: 

| | | 

um 
— 


“Big. 2(a) ar are also M’-moments. The fixed- end moments C are all zero, since 


there are no intermediate loads. — he values « of ‘HT’ at the tor tops o: of the columns 


m-moments due toa unit at t joints A, B, C, and D, respectively, 


are shown i in Fig These: moments have been corrected for sidesway. 


Line (Lines 1 =Fixed-End Moments; Lines 3=Total Moments; Lines 4=H! at the Column 
Lines S= the Vertical Reactions at Column Bases) 
1-750 +750 -332 - ~332 
4 (+526 -357 a 68-423 


153 


(@) MEMBERS AB AND BB’ MEMBER BC 
-750 +750 — 66 4 +150 -332 


7 
+512 78-4320 $33 +104 +168 + 


-238 +672-498 4318 


+134 


(d) MEMBER 


.—CoNTROLLING ARRANGEMENT THE ANALYSIS or’Mzaszns IN Fie. 3 


In the following calculation o of ther required moment-stifiness relations Gets 


| = DD’ are denoted by the subscripts: 1 to 4 respectively: dM n. Bc = st 0. 204 
— 9.0%; + 9.0 is) — 0.586 (7. — 19.7 i3 + 12.0%) — 0.128 (11.3 — 20.0 % 
ie) + 0.034 (9.5 is - ~ 9.5%) + + 0.99 ix) 


relatio. 
and at 
jected 
and th 
colum1 
In 


reatio: 
distrib 


dM ara 
+ 2.02 
— aw 
— 8 | As a cl 
with th 

| nts 
ald m 
Th 
subser 
— 5 


3.7 = 27475498 18-08: —2.3 = 
Mara = — 0.086 (— 
+ 0.006 (1 (11.3 20.0 + + 0.015 (9.5 is — 9.5 + 1.66 0955 
+ 2.02 2.04 is + 0.99 iz) — 10.0 
ene 


and a uniform live load of 8 kips per ft, and the colum 

jected to uniform live load of 1 kip per ft. ; 

‘Fig. 4(a) shows the fixed-end moments (ines 2 the M’ -moments (ines 2), 

and the total | moments (lines 3) and also the values of H at the tops of the 
columns: (lines 4). The m-moments, n Ma, Mp, mo, c, and ma, are given in Fig. 3(b). 

¥ In the following calculation of the required moment-stiffness relation, by 7 
Eq. 7, , the members AA’, AB, ‘BB’, BC, and CC’ are denoted by the subscripts ; 

| to 5, respectively: dMpa = - 242 (90 + 526 i2) — 0.403 (72 tg — 133 
357 + 0.163 201 (131 ts) 1.82 2 1.78 + + 13. 

check: 18.6 — 84.4 + 37.4 + 110.8 — 45.2 = 0. 


The moment-stiffness relation i in Eq. 9 is ; shown a om in te first } 


for Ma AB and Mec cer, in Fig. 5(a), the sp spans" carry | a uniformly 
distributed load of 1 kip per ft of f horizontal projection. The analyses —— 
in Figs. 5 were e obtained by alter- 


tate distributions of ‘moments 4 TABLE 1. 


ind shears. The procedure is 


briefly described in Appendix 2. 
noments (lines 2), the M ‘-mo- 


RELATIONS 


+37. 4 


uents (lines 4), The 
due to unit at t joints: 
B, C, and E are shown 


due ‘unit horisontal lores at points C, ‘and E, indicated by m maa, macy 

ind max in lines 10, 11, and 12, respectively. imi ig 
The members. AA’, ‘AB, BC, CC’, CD, DE, and EE’ will be: by the 

subscripts 1 to "7, respectively. In the application of Eq. 7 to the structure of net 

Fig. 5, the terms indicated by 1) 2 i), etc., require particular 

tation, The horisentel end shears at joints A, and E must be in 


2 
ins 
ly, — 
of 
Mara = — — 0.6 + + 04% + 3.3%5 + 
7 As a check to Eq. 8b: — 7.6 —0.6+ 2.7+044+33+02+4+1.5 = — 0.1. je 
Example 3. Rigid Frame with Unequal Legs.—In Fig. 3(a), showing a bent 
with three legs of unequal length, it is required to calculate the moment-stiffness 
relation for Mga when both spans carry a uniform dead load of 2 kips perft 
——" 
a 
: 
— 
— 7.6) + 14 
- +150) +194|-612 
nich  _ 
9 ir) | 
— 
— 


4° 
Total e 
Beam Stiffness, 
Column Tops; 
‘Fixed. End Moments Lal 
Moments 


Column Bases: 


Fixed-End Moments 0 
+150 


M'-Moments 
Total homents 


Moments m, 
Moments mg 
Moments 
Moments mp 
ME 


hy Column Tops: 
Moments 2 Mp 
Moments mc 
Moments 


Column Bases: 
a Moments 


Moments mp 
Moments mc 
Moments mp 


6 


Moments mac 


nents ma E 


+156, 


+0. 057° 


MOMENT STIFFNESS» 


we 


: 


-.107 -.114 —.068 +.068 
—.152 +.089  +.011 -.011 
-485 -.215 000 000 
+.116 -.112 ~.348 -.652 
-.106 —.050 047 ~.047 


-.057 -.321 -.679 
-.089 —.002 +.002 

—.030 +.042 -.042 


b) -MOMENTS RESULTING FROM UNIT COUPLES 


~624 -a914 43.91 -0.32 - -366 -161 +1.61 
1.31 -198 4.42 - -3.69 - 2.38 +2.38 
-139 41.39 -1.39 5.69 +1. 68 +3. 65 3.65 


+ 
ue We 


m-MOMENTS RESULTING FROM HORZONTAL ree 


— 
0.004 0337 


~ 
4+-2.63 
+2.91 
47,22 


ts) — 39 (11.7 + 5. + 9. 67 in) - 128 

Asa a check: — 10.8 — 9.3 3+ 12.5 + 1.2 +116 +33 8.4= + 0.1. Also, 


MOMENT STIFFNESS 


equilibrium : hence, at ‘point A— 


Mes, 


_ M'ep + 


op co+ 


h’ h ~ — 


In Eqs. 10, hy, hu, and hy are the heights of the columns AA’, CC’, and EE’, — 


respectively. The meanings of and are ‘Mlustrated 1 in Fig. 6; h's and h’s 


in the right- hand span are analogous 
and A’; in the left-hand span, 
“Tespectively. In Fig. 5 = h’, = 22.5 
‘ft, and h’s = = 45 ft. ‘The required 
‘moment-stiffness -Telations: are then as 
“follows: aM ap = - 0.477 (156 i 123 
| is) — 0.057 (— 101 + 201 is) — 0.089 
| (2 is — 26 — 166 is) + 0.024 (— 98 
+ 198 ig) — 0.030 (34 ig — 
6.24 (- 10.2 iy 10.0 - 6.50 ts) 
(10.0 i2 + 6.50 is +0.83i5 -—11.7 


q 
(Mee = - + 0.221 (156 7 i - — 123 iz) + 0.063 (— 101 i, + 201 is) - — 0.300 (9213 < 
26 — is) 0.004 98 is + 198 is) + 0. (34 — 167 ty) > 3.98 
~ 10.2 — 10.0 — 6.50 is) + 8.11 (10.0 ig + 6.50 is + 0.83 i, — — 11.7 
5. 17 17 tg) + 4, 01 (11.7 7 +5. 17 ig + 9.67 — 26 simplifying: 


Big + 2.1 is — 16.8 + 12.7 (11b) 


6. 
TO 


unl guide in designing with the aid of relations: 


pee a) The relative stiffnesses upon | which the moment-stiffness relations are 


to be based are chosen carefully, or they are determined from a preliminary 
“oe The structure thus obtained i is called the “basic structure.” ment Bios”. 


1 | 

7 

167 

(1) 

-123 

37 

5 

3 

0.087 

oon 

0.104 

0 
— 

0.062 

0.121 

-0.017 

0.112 

63 

As a check: — 6.1 + 7.7 + 11.9 — 11.5 

APPLICATION 

ve 

x 

44.79 

couples placed at successive joints; an m-momen ue to unit 


horizontal forces or shears corresponding to the various sidesway conditions 

existing in the structure. sidesway conditions are ‘present, correction for 
eo should t be made i ‘in finding t the former group of ™- -moments. 7 
p.. Analyses of the basic structure are made to determine (a) the loading 
‘Numata controlling the design of the various members ; (b) the values 
of the corresponding controlling moments and axial forces; and (c) the M'- 
values of H’ heeded for the evaluation of the moment-stiffness 


obtained in step (2). 

members are designed for the controlling stresses obtained 
oe: 8). of the members will be different, in general, 
"from en of the basic structure. The stiffness- ~change ratio, 2, or the change 
in stiffness divided by the in the basic s structure, is calculated 
foreach member, 

Moment-stifiness to the various controlling 
- “moments are calculated, and are tabulated in such a way that the coefficients 
a _ of ¢ for a given member all appear in the same column, as shown i in Table L 


; Bes, (T he changes in the axial forces in vertical or inclined compression members, 
a 


- 7 due to Subsequent changes i in the stiffnesses of the var various members, generally 
7s do not appreciably affect the design and therefore 1 may may usually be. disregarded.) 

i —— By) reference to the tabulated moment-stiffness relations, the e changes 
all the ec 


the moment due to the in stiffness of the various other mem- 
ae bers: are calculated. In the performance of this step the designer i is rewarded 
for the labor of obtaining the moment-stiffness relations. ‘With their aid, he 
iss able not only to calculate, rapidly, the effects of any ‘number of consecutive 
a revisions in . the design, but to form an advance estimate of the effects of con- 
ae (7) The members are redesigned in accordance with the revised moments 
1% obtained in step (6), and the moment changes thus produced are again com- 
— as in step_ (6). This process is continued until no further changes i in 
design are required. The stiffness- change ra ratios wate always: based upon” the 
_ Example § —The bent outlined in n Fig. 3(a) - is to be designed in steel in 
accordance with the 1936 ‘specifications of the American Institute of Sted 
Construction (AISC) revised i in 1941. The horizontal members carry a dead 
load of 2 kips | per er ftanda a live load c of 8 See s per ft. a Provision i is also to be made 
- for a live load of 1 kip per ft applied uniformly to the side of column AA’ 
oe i The: weight of the columns will be neglected. The unsupported 1 lengths ; of the 
re columns are: AA’, 13} ft; BB’, 14 ft; and CC’, 20 Sea - 
Dt description of the design procedure conforming to to steps” (1) to )} is a 


=. 


ae (1) The | basic structure and assumed stiffnesses are as shown in Fig. | 
The m-moments, yma, mp, mo, and ma are shown 0. 
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STIFFENED PN 
(3a) Figs. contain the analyses corresponding to the loading arrange-_ 
ments that were found to control the e design of the members. — In Fig. /A(a),- 
loading, which controls the | design of members AB and BB’, consists of 
[ dead load plus live load on both spans, and lateral live load . In Fig. 4(b), 
the loading that ‘controls the design of member BC consists of dead load plus" 
“live load on both spans, but no lateral live load. The loading in Fig. A(c) 
consists of dead load plus live load on the left span, dead load on the right span, 
lateral live load. loading controls the design of member AA’. The 
pom in ‘Fig. _ 4(d) consists of dead load on the left ‘span, dead load plus: live - 
‘load on the: right span, and lateral live load. This loading controls. the design 
(8b), and (3c) Figs. 4 show the fixed- the M’ -moments, 


lated the total moments, in the order named. These analyses were made with the — 
. | e aid of the m-moments shown in Fig. 3(b), utilizing relations / A and B which | 


wer vere stated in connection with the development of Eq 5b. The Vv values. 
‘ients- Ht at the tops of the columns are entered in lines 4 in Figs. 4 on - 
ble 1. "The controlling moments (M) and axial forces (F) are as follows: For 


bers, "member AB, M = 822 ft- kips (line 3) 3 for ‘member BB’, M = 133 ft- kips 


erally (line 3) and F = 297.8 8 kips (line 5), as shown in in 1 Fig. 4(a); £ for n member BC, 
ded.) ta = 755 ft- kips ve 3), as shown in Fig. 4(b) ; for member AA’ ; M = "238 


anges ft-kips (line 3) and = 136.5 kips (line 5), as shown in Fig. ACC); and for 
>mber beng? CC’, M = he ft- -kips (line 3) and F = 92.8 kips (line 5) as shown 


(4) The design calculations corresponding to step 4 are shown in the first - 
arded cycle of Table * _ T he data for the design of girders, T able 2(a), include: M, 


id, he the required S, K L, I, I, i, the section selected, and the actual S. For m mem- 
f con- AB, the requ required S is ——— 498, which is provided by a 36-in. WF 
at 150 lb, with S= = 503 and J = 9, member BC, the required is 
1 com fF 30 = 453, which is likewise provided by a 36-in. WF at 150 lb. See 
“the | member AB, I, = = I = 9,012; hence, is 0. ~The inertia moment I, for the 
as ia “remaining members i is ; found by multiply: ing this value of I, by the ratio of the 
tg S _value of K L for the member in question to the value of Kap Lag. Thus, a 
teel in for member BC, I, = 160 (9, 012) = 8, 011; and therefore j= 9012 — 8,011 


4 n AA | — The data for the design of columns, Table 2(b), include F, M, K L, Ae, 2 As, 

‘te the total of A, + A's, the total of A’, A To, » L'/b, the 
section elected, Bey &, and the area provided. ‘The are designed to 
7) ss resist, in addition to the axial | force, (I) the monasih at the top or bottom, or 
(II) 70% c of the moment i in case (I). In case (I), the required : area is A. + Ay. 
«4 . With allowable stresses of 17 kips per. sq in. and 20 kips per sq in. for axial 
g. 3(0) compression and bending, respectiv nd A, 06 Me In case 


pers 
ions | 
Tor 
M’ 
ne 
‘ness 
the 
eral, ; 
— 
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— 
| 
| 
aa 


(ID, the required area is A’ «t+ A's where A - =— Case (I (1) 
was found to control in each instance. 


‘TABLE 2.—DrsigN CALcuLATIONS CorRESPONDING TO Ster 


M Sec Lie 


(9,012) 136.! 3.0 | 8.9 006)| 585 | 15.3 
0 29. 24.2 54 ISWF105 30.9 
4 400) | 15.: 
(852. 20 
323 | 18WF105 | 30. 


24 


= 


| 
186.5 
36WF160 188. 6 | 17. 12.2 | 
80 =| 254 | 211 | 
q | 
787. 297.8 17.5 | 19.7 | (1, 400) 


9, 150 | 165.0 15. 10.6 2,034 


36WF160 | 186.8 | 17. O | <b 


36WE150 | 
8 
al 14WF68 


re 
i 
P 
( 
| BC: de 
In the design of the columns some effort was made to conform with thi 
relative stiffnesses assumed in Fig. 3(a), but the immediate objective was 
obtain a design in which the area agreed closely with that required. W the 


MOMENT ST 


reference to Table andl (first eye le), for column AA’ the required are area 
sq in.; 1, = (9, 012) = 4,006; the area provided (18-in. WF at 105 Ib) 


= 30.9 sq In. ; I = 1,852; and = 


the require ed ar in.; I, = a ded 


(18-in. WE at Ib) = 30.9 sq in. =}, 400 
= + 0.323. For column CC’ ‘the required area = 20.5 5 sq in.; I 


(9,012) = =l ,001 ; the area sanieineia (14-in. WE : at 74 lb) = 21.7 sq in.; J = 797 


subscripts to 5 are cused | to members AA’, AB, BB’ BC, and 
CC’, respectively, the stifiness- change ratios resulting from the first cycle of 


Pig are as follows: i; = — 0.54; i2 = 0; i3 = + 0.323 ; is = + 0.125; and 
(5) Moment-stiffness relations are required: F or Mpa and My, BB’, using» 


values of M’ and H’ in I Fig. 4(a) ; for Mac, using | vi alues of M’ and H’ in F ig. 


4(b); for Maar, u using \ values of M’ and H’ in Fi ig. (ec); and, for. Mee, , using 


‘values of M’ and H’ in Fig. 4(d). The calculation of the moment-stiffness 
relation for Mas has already been explained in detail (see Example 3). ‘The’ 


moment-stiffness relations for M ,M and M are calet le ted i in 
BC, “BBY, cc ula 


Symbol | Original | —0.54 | is = +0.323 | is = 40.125 | is =—0.204 | Revised 


Mpa. -| +822 +188 


+238 38.4 
133 +3 
i. 


7. ABLE 3.— —(Continued) 


Symbol | Revised | | Revised | 40.13 is = -0.073 


| | a | an. | 


+8603 | +08 | +8611 | 866.0 
787.1 | -22 | 73893 | 43. 
+188.6 | ae 1 | +185. 5 | +190.0 


with thy (6) The calculated changes i in the controlling moments are shown in Table 
e was 1e ‘original values of the moments are show! n in Col. 1. 2 


7 the moment , changes due to decreasing the stiffness of member r AA’ by 54% 


— 
Area . ff 
— 
16.3 
20 
a 
12.4 — 
(20, Pirelationfor Mpa. 
B35 
| 
| | 


MOMENT STIFFNESS 

moment were obtained by the. 
1, in Table 1 1, by — 0. 0.54. Cols. 3, 4, and 5, Table 3, which were | 
‘dallas manner, ‘show the remaining ‘moment changes resulting 
Breer the fret cycle of design, and Col. 6 shows the revised values of the mo- 

ments, The values of F ‘were assumed to remain essentially unchanged. 
~ a (7) In the second cycle of design, for or which | the calculations are ewe in 
Table 2, the moments were revised after each change i in section. ~ For member 
‘AB, M = ak 867. 1 ft kips (Col. «6, Table 3), requiring a 36-in. _ WE at 160 Ib, 


shown in Cols. 7 ane 8, Table 3. For member BC, M = 787. 1 ft- hie ends no 
change it in design was required. For member AA’, M = 188. 6 S ft-kips, re requiring © 
an 18-in. WF at 96 lb, with 7, = — 0.044, which produced the moment changes 
and | revised moments shown in Cols. 9 9 and 10, Table For member BB’, 
ue M= = 165.0 ft- kips, requiring an 18-in. _ WF at 114 lb, with: a3 = + 0. 13, : and — 
= the moment changes and revised moments given in ( Cols. 11 and 12, 
Table 3. For ‘member cc, M = 120.4 ft-kips, requiring a 14- in. WF at 68 
lb, with is = = — 0.073, and producing the moment changes s and revised mo- 
ments given in ( Cols. 13 and 14 of Table 3. 3. 
~ Calculations for a third eycle of design, show nin Table 2 2, indicate that n no 
- For - comparison with the values of F and M shown in the third cycle | of 
Table 2, and in Col. 14, Table 8, the results of a direct final analysis were found — 


184 


which, i resulted in a final difering 
from that show n. Furthermore, it is to. be expected that several aaa, 
although adhering closely to the procedure herein described, but each starting 
with a different set of assumed stiffnesses, would obtain designs ‘differing more 
or less from each other. — In connection with an existing design there arises, 
therefore, the question 1 of whether, by changing the stiffnesses of certain mem- 
_ bers, a saving can be effected in the total amount of main material. Such 2 a 
saving may occur in two principal ways: First, a change i in stiffness due to the 
substitution of a lighter member may be accompanied by a change in 


of the specifications, without. producing o overstress in the remaining 
members; and, second, it may be found possible to reduce the stresses | in a 


given member (and thus to use a lighter by the stiffness “4 
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tb the latter case, sometimes the w weight per foot of a f a long member may be 


decreased with the aid of an increase in the weight per per foot oftan a adjacent, 

shorter, member, with a resultant saving in total weight. 

7% The writer’s experience > indicates that, in ‘one or both of these we ways, & saving va 
of from approximately 3% to 6% of the total weight can frequently be obtained. ; 


- vestigations, except to state that it is essentially a ‘matter of trial. 

stiffness relations are well suited to a rapid determination of the io effects 0 of 
val arious changes aimed at securing increased economy. . In the foregoing ex ex 
it is fc found, the aid of the in n Table 1, 


4 
ing 


12, § Ex xperience indicates that moment-stiffness relations are useful aids in the © 
68 design of continuous framed structures composed of prismatic ‘members, 
mo- tieuls arly i in cases where the columns are subject to moments of considerable 
‘magnitude. These relations also provide a basis for the determination of 

possible improvements i in an existing design. 
ee _ As differential quantities are only approximate representations of the true 
e of : changes, the relative stiffnesses 1 upon which the moment-stifiness relations are 


sign; and the final results should generally be checked by a direct analysis. It . 
should be. recognized that, in some instances, where large stiffness changes - 
occur , the moment differentials wil will be subject to Tather large errors ; also, | 


that, w here only ‘minor changes i in stiffness occur, the use of moment-stiffness — a 
relati tlarl adv: ntageous unless s  - 
tions is not particularly antage unles | studie 


und» 3 based should be chosen with some care, or determined from a preliminary de- 
7 


rting a The following letter ‘symbols, ery in this paper and in its discussions, 
more “confor m essentially to American: Standard Letter Symbols for Mechanics, 7 
rises, Structural Engineering sand Materials (ASA— by 


= section area ‘required | for given design conditions: 
TAH Ap = 


ati A, = area for axial compression at a section | 


= area for bending at an unsupported section; 


mgt 
A‘. = area for axial compression at an unsuppor ted section ; Bw 
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C= fixed-end moment caused by loads between the ends of a member; 


a "ee distance from the gravity axis of a member to the outer fiber’ in 


axial f force that controls the design of a member: 


: = horizontal shear at the end of a vertical or inclined member 
oe H’ = the difference between H and the fixed-end shear, Q (that 


: ae = horizontal shear ¢ correction resulting from a a distribution 
he = = column heights; the length of the vertical projection of an inclined 

_ member; h' = the vertical distance from the bottom of one ine lined 


to the ‘prolongation of the other inclined member in the 

same span (see Fig-6); 

= rectangular ‘moment of inertia of a member as designed; I, = the 

a of inertia of a member corresponding to the stiffness as- 


sumed in the basic structure (that i is, J, is pr opor tional to » K L); - 


= the si ratio of a member = 


‘sumed i in the basic str ucture; 
L = length of a given member: ae a 

le 


unsupported length of a member 
aad dL = relative horizontal displacement | of the opposite ends of n 


= length of the horizontal projection. of an inclined member 
M = moment; ‘moment at the end of a member that +e its ‘design: * 

= difference betwe een M and C (that i is, M' =M. C); 
M” = the fixed-end moments created by horizontal displace- 
ments of column tops, visualized in balancing horizontal 


» 


change in moment resulting from the distribution of 
moments; 
m= honed created by a unit couple 2 applied. ata place w hose location is 
— ren by a a subscript; : that i is, ma is the moment caused by | a unit: 
ing couple at joint A and ma is th the mome moment created by a unit horizontal 
concentrated loads applied to various members of a structure ; — 
) fixed-end horizontal shear due to loads between the ends of a = vediol 
ie ° age or inclined member, or the sum of the simple beam shear and the — 
shear fixed-end moments ; 2Qi is the sum of ‘the fi fixed-end 


-gontal forces that may be acting on it; 


= radius: of gyration; radius of g ryration | the plane of 


> 

— 

— 
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] yy 


allowable unit stress at an unsupported section : 'Y ap 


vertical shear; 
= lever arm m of a vertical load P from left Sentai oe = lever arm from 
right ‘support: (see Fig. 8); >. 


y = vertical distance to a horizontal load 


side- thrust stiffness ; 


A= or produe uced horizontal force ; hori- 


1 
a linear function of | the elastic deformations, given by the rel: ation 


linear function of the elastic defor mations, given by the eee 
« 


APPENDIX 


Multiple- -span, or may with a fair 
“degree of accuracy and facility by alternate distributions of moments and 


‘horizonts she: ars. (The distribution of joint forces was suggested by H: urdy. 
Cross, M. ASCE, in 1926, in a mimeographed treatise entitled “Statically 
Indeterminate Structures.”) T he e proc edure involves the following | steps: ; 

1 C ompute fixed- end moments at all joints and balance by moment dis- 

tribution, ¢ assuming that the joints are not displaced. 

2 Compute the horizontal shears at the tops of the columns: and at the 

ends of ~ spans and balance > them by ciate to the columns and adjoin- 


t stiffness of these units; by — 


Compute the fixed-end moments due to the shear corrections: and 
"placements ove oceurring in the preceding distribution of “horizontal shears and 
ut 4, From the ch: anges in the ‘moments resulting from the prece ling distribu- 
tion of moments, compute. the parts: ‘of the horizontal shears remaining g to be 
hal lanced and balance e them by horizontal shear distribution, as before. 7 
Repeat steps 3 and 4 until the solution conver Horizontal displac 
~ and horizontal end shears are considered positive to the right. ae aa 


ae 


ontal 


 . ‘The side-thrust stiffness of a column is defined as the horizontal force or : 7 
f shear which, applied at the top of the column, will produce a unit horizontal * 
displacement, without rotation, of the top: of the column. The side-thrust 
stiffness of a a span (consisting of two inclined members) is defined as the hori- 


tontal force or shear required to produce, unit relative horizontal displ wement 


pers 
+h 
tion 
ined | 
ined § 
| the 
£ 
ofa 
4 
hori- 
ne of 


MOMENT 


the ends of the ‘span without r rotation of the ends. or or of t ‘the: peak j joint. ae 
* other words, if the ends of the s span are denoted by the letters A and C, and the 
peak joint by the letter B, the side-thrust stiffness of of the span is the value of 
of one of the two ) equal snd opposite horizontal forces or shears which, applied 
at points A and C, will produce a unit change in the length of the span, without 
rotation of the joints A, B, and C, and without any vertical movement of 


‘The similarities between n moment distribution and | d horizontal sl shear dis- 
vce as applied to multiple-span peaked bents are > apparent from the fol- 


lowing brief description of the two processes : 


he are balanced consecu- ‘The at the tops. of the columns 
tively with regard to moments. _are balanced consecutively with re- 


= In balancing a a given joint the only Ink balancing the joints at the tops | at 

joint movement per mitted is the columns the | only joint movements 
of the joint in question, permitted are a horizontal 

of the joint in question, and a 

——- vertical and horizontal displacement 
of the peak joints in adjacent spans. 


The joints not permitted to 


q 


4 3. The unbalanced moment i is distrib- _ 7. he unbalanced horizontal shear is diss 
a to the connecting 1 members tributed to the column and adj jacent 

in proportion | to. their flexural spans in proportion. ‘to their side- 


stiffness or resistance rotation. stiffness, or resist: ance to 


The balancing of the ‘moments pro- The balancing the 


duces fixed-end moments, produces horizontal shears, or carry: 

over moments, at the op shears, at the opposite ends of 
posite ends of ‘members; the adjoining spans; hence, whenr- 

hence, whenever the joints are ever the joints at ‘the tops of the 

all balanced individually, it new = columns care all balanced individu- 
setof unbalanced momentsarises _—_ally, a new set of unbalanced hori- 


- from the carry-over moments. zontal shears arises from the carry: 


over shears. (A shear correction a ap 


‘ plied at one end lofa span produces 


‘To obtain a distribution To obtain a complete ‘distribution the 
process of balancing process of balancing and carr ying 
carrying over must be « continued over must. be continued “until the 
un until the corrections become corrections become i 
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Before the second, ‘or any sv ‘subse- Before a distribution 
quent, , distribution of moments shears ca can be made it is necessary to 
can be made it is necessary to wal compute the horizontal shears, or 
- ~ compute the fixed-end moments | parts of them, which are required to 
produced by the displacements 
occurring in connection with 
horizontal shears. 


7 These fixed-end moments (item 6) These quantities pou 6) are obtain- 
_ are computed by simple eformulas able by statics (see Eqs. 12, 14, 15a, 
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obtained from a consideration and 15b, derived subsequently 


In the computation of ais 1 to 7, numerical subscripts are used to desig-— 
nate various ; for in 6, the column A. A’ is is designated 


tion of f shears are obtained (by statics) from the e 17 
on the structure and from me moments resulting: from the 
frst distribution of moments. _ The horizontal shear at the 
top of a column AA’ isa as follows (see Figs. 6 and 7): 
Expressions for the horizontal shears at the lower ends of the inclined ‘members 
are obtained by combining the equations of statics pertaining to ) the separate a 
| Me c eal forces. Thus, in Fig. (in- 
volving’ z vertical loads), by taking 
“a a about points A and C: 


7 
INE Hee +} — x’) =0..(136) 


CB = Hz result in the expression for the desired end shears: 
Han = Hos = Mas + Mpa pat2(Px) Mac + — X( 


“inhi =i la, hs ‘and h’; =. Fig. 6). als 
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E ‘quations for the calculation of the parts of the horizontal shears requires 


to be balanced in subsequent « distributions of horizontal shears are obtained in _ 


a similar m: manner; then, howe ever, the quantities y), x), and 2’) 
are zero. ‘Therefore, the horizontal shears which require balancing at the end 
of the second, or of a iaciecess ne of ned are ‘giv en by: 


* 


_ 6Map + 6Mna 


h’ 


(16) 


corresponding shear correction, denoted A. is obtained by sub- 


stituting these values" of var and AMA 16) in place of 6M and 


re 


, found 


‘The fixed- end 1 moments accompanying the displacement A. are obt: ained in 


ms of elimin: ating Ay from Eqs. 16 and as follows: 


3y moment areas, or othe rwise, 1t can be shown th: at, if the shear correc 
, and are at the ends of the span ABC, Fig. ¢ 


ch Way as to produce a change in length aL, of of the ‘Span, L, without role 
tion of the. joints A, B, C, ‘and without any vertical moveinent of A and c, 


the following fixed- end moments will be obtained 


~ 


an 
| 
Hap = — Hee 
which 6M 44+, 6M 4-4, OM 4p, ete., are the changes in moment resulting from 
— the distribution of moments. 
now the side-thrust stiffnesses and the fixed-end moments pro-_ | 
the distribution of shears. 
7, produced bv the displacement. 
A 
t 
q 
tf 
corresponding shear corrections are obtained by substitution of these 


these: 


MOMENT 'STIFFNE 
M” (Eqs. 20) in in place | of — values of 6M in Kq. 15b: | 


* 


> 
Loe 

The side-thrust stiffness of : span ABC. m: ry be obtainted by placing dL = - 1 

in Eq. 21a or by ites dL : = =+ 1 in Eq. 21b, giving 


(h’ 2)? (h’ 3)" 


* 
h’. 
(W's)? 
Ky 
= = 2 K; 
£ sample | 6.—Determine the bending moments at the ends of the members 
of the structure illustrated in Figs. 5(a) and 9(a), the loading consisting of 1 
kip per ft of horizontal projection, unifor mly distributed over both spans. 
The relative flexural stiffnesses are shown in Fig. 9(a), and the relative side- 
thrust stiffnesses of the three columns and two spans are show n in Fig. 9b). 
The fixed-end moments of members AB, BC, CD, and DE, due to the given 


* 4 The horizontal shears acting at the tops of the e columns and at the ends of | 
‘the > spans at the beginning of the first shear distribution | are a: in — 


theses in are calculated i in n accordance with Eqs. 1 


are W ritten | ‘the vai arious joints in Fig. 9(b). The joints 
_ were balanced in the order A, E, and C. In the first cycle, the unbalanced — 
‘ shear of +29.54 kips aut joint Ai is distributed to the column AA’ and the span 
in proportion to their -side-thrust. sstiffuesses—namely, and 2. 67— 


3 24, 75 at joint Ei is distributed to the co column EE’ and 


‘ina like manner, the corrections being» +6. 74 and +. 18.01, respectively.  Cor- 

rections ass assigned at one end of a given span ; are carried over to the other end 

With ae mn in sign; hence, at joint C, the unbalanced shear is + 0.28 + 21.49 _ 
= + 3.76 kips. This « his quantity is distributed to column CC’ and the — 


vers May, 19 609 
ben 
lin 
4 
| 
1 5b) 
pro- 
from Eas. 20a and ga. and in the case of the member BC_by eliminating. 
(16) 
sub- 
sub- 
and 
| 
(18) 
20a) 


"spans CBA and CDE in the proportions of 1 00, = 67, and 2. 67— —the corrections 


are carried over to with change ge in sign, the 
and third cycles of shear distribution are The corrections 


~47 +147 ~139, +139 
D 


+4] 


 (-29.84) (42.17) (427.95) (-27.95) (43. (-0. (1.17) (+048) (4088) 
-2149—> +2149 -18.01<— +1801 | +674 | -0.56 ——» +0.56 +0.23<—— -0.23 
- 158 -0.38 -0.14 -0.38 
+115 + 159] ~~ 40.38 +0.28 +0.28 +038 
0.98 ~0.36 097 116 | -0.43 10 -0.28-——-0.23 -0. -0.24 -028 
098“ +071 T +071 +097} $0.23 4017 «40.17 0.24 
= 060 -022 0.60" = 071 26 -0.06 -0.17 -0.14 —~"0.17 
043 +017 -035 +017 +041} -O41 09 | +0.09 +005 -0: +003 2 
H” +2036 -152 -1913 +1911 | +564 46-031 H” +031 -036 -0.06 H” +005 
(b) FIRST SHEAR DISTRIBUTION (d) SECOND SHEAR DISTRIBUTION 


-2 alt +245 - 
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now form geometric series, converging at approximately equal rates at the vari- 


ous joints. As the convergence is rather slow, a considerable saving in arith- 


~ may b be made if the remainders are calculated. ano. is 


average rate of convergence, K, may be found with sufficient precision 


dividing, the sum of the unbalanced shears. (taken without regard to sign n) 


—v 


~ 


—— 
in 
FIRST MOMENT D Relative Side Thrust Stiffnesses A 402 
la 


MOMENT 


in ‘the ‘third eyele by the sum of the unbalanced sl shears in the second cycle. 


j 
Hence, in the Socal, « 1.58 +231 +1 597 0. 613. The remainders are 


summed by m multiplying the results of ‘the third cycle of distributions by 


= 1.58, and are are designated by ¥ in Fig. 9(b). os 


_ ‘The total horizontal shear corrections are next found, by addition of each | 
column exclusive of in parentheses ; they are 


balanced shear. "The st sums in 1 question a are —29. 54, —0. 29, por +4 24.75. > The 
fixed-end moments arising from the balancing of the horizontal shears are 


marked M” in Fig. 9(b); they : are calculated in accordance with Eqs. 19, 23a, 


M’’-values obtained i in Fig. 9(b) are w ritten as fi 

Fig. 9(c), and the joints : are again balanced by moment. ‘distribution, The 
a horizontal shears are then calculated from the changes in the 

moments of Fig. 9(6), in accordance with 15a and stig and are written in 


+i 


0. 85 kip; 0.85 85 kip. 


= ‘The second nd shear distribution is is : show n in Fi 9(a); . the computations were 
made i in the same way as those for the first shear distribution. The resulting © 
“fixed end moments, marked M” in Fig. —9(d), are balanced by moment di dis- 


tribution in a Fig. 9). * The solution i is summarized i in Fig. 9(f), the moments — 
— shown ss the sums of the quantities appe aring in Figs. 9(a), ws and Q(e). 
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~0.07 H EE’ = “30 = 1 | kips > 4 
Hap * + 1.17 kips; Hep = — 1.17 Kips; 
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MODEL “STUDY OF BROWN {CANYON 


By KARL J. BERMEL,' Assoc. . ASCE, AND | 


ROBERT L. SANKS, “ASCE 


por 


‘he principal hydraulic tests of a 1:50 model of a de bris bar 


7 ‘the contiguous channel, with some corroborative prototype di ata, 


paper. Tests of the barrier include those for determi 
—_— the performance of the overflo 


, and the operation of the barrier with and without detrital mate : 
from the rier. sts the channel cover the 


of n meager field di data, 


‘initial tests of of deposition from the | on bed 


and rates of transport tation. as developed i in the labor atory. T T hese results were - 

reasonably verified in subsequent tests, based on data obt .ined frown the fi fir t 

“major: after of the prototype struc ture. 


e data was presented before the Waterways Di ion at 
Meeting of the Society in July, 194: 


) 
As part of the effort to reduce flood i i in the heavily populated and 


highly developed metropolitan area of southern California, the. U. S. Forest — 
Service selected the Arroyo § Seco watershed to inaugurate a comprehensive 
program o of ‘upstream flood control. a. he work in 1 general i is based on the find- 


ings and recommendations i in a report by the U. 8. Department of Agriculture 7 


Nore.—W ritten comments are invited for immediate publication; to insure publication the last 
liscussion should be submitted by October 11,1946. wi 


Asst. Hydr. Engr., U. 8. Forest Service, San Francisco, Calif. 
iy * Asst. Engr., Univ. of California, Berkeley, Calif. 


°“*Partial Plan for Runoff and Water-Flow Retardation and Soil Erosion Prev: ey for Flood Control 
Arroyo Seco Flood Source Surv Rept. .Los Angeles River, U.S.D.A., 14, 19% 


AMERIC L ENGINEERS. 
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he watershed, north of Pasadena, Calif. (see Fig. is approximately 30 
sq ‘sq miles in area, ranges from 1,100 ft to 6,000 ft in elevation, and is composed 
for the most part of a much éractured, deeply \ weathered, and disintegrating 


rock mass. ' The slope of the main channel in the lower part of the arroyo . 
varies from 1.9% , to 3. 2% and the slopes of the tributaries vary from 10% 


to 67%. from twenty-two precipitation stations for a period wing 


= 
ta 


1.—ARROYO SEco ATERSHED SHOWING BARRIER LocaTIon, SUBDRAINAGE ARE’ As, 

AND THE Parts: OF THE AREA TO Ba pe 


two to Shisteciahl. ws years indicate that seasonal rainfall varies from 6 in. wo 
— 84) in. near the mouth of the canyon, , and from 11 in. t to 60 in. at the higher 
elevations. The flow varies from 0 to a maximum recorded amount of 11,400 
cu ft per sec (380 cu ft per sec per sq mile) near the ‘mouth of the arroyo. 

These factors of geology, precipitous slopes, and rains s of high intensity, in 
combination with the loss of much of the protective vegetal covering because 
” fires and road construction, make this water ershed : a serious flood problem a area, 
¥) — Since 1825, ‘eighteen known floods have occurred in this locality. Dev il’s 


-< Dam, downstream from the mouth of the Arroyo | Seco, in n operation since 


= 


= 
@2 m2 eet oh 


| 
Be 
| 
( 
t 
Crest E1054" ‘Db 
4 
4 


May, 1946 DEBRIS BARRIER 


1920, has lost approximately one third of its storage capacity, of 4,500 acre-ft, 


sed because of detrital material from this watershed. 
oyo ‘Tur P ROBLEM Diller a ot 


0% 
rom 


As- part of the plan to reduce the silting rate of Devil's Gate Reservoir 
and flood destruction along the stream, the U. S. Forest Service has con- 
prey the construction of a series of four debris barriers to be s eaend - 


was 
nia, at Ber her. 

In brief, the plan 
‘is as follows: 


To test the 


modifications i in design: to obtain adequ: ite flow capacity and ‘proper operation ; 
To determine the location and ty 


structure required to dissipate 


spillway ‘designed and to ‘develop, if necessary, 


enel ey of the maximum design flow « over 
the spillwa ay, and to 0 prevent or minimize 
the resultant scour in the 
channel bed which would impair the 


stability of the barrier; 


ol 
to the dow! nstream canyon walls i is neces-_ 
sary to pr revent erosion “during 
major floods; a1 and 
To determine the slope of the debris 


and the approximate volume of 
. ‘debris that would be impounded by the > 


Since ‘the: Brow Cany on Barrier, 


4 
Which is the uppermost, of the four 
“riers (see Fig. 1), is the only barrier 


"structed, this paper is concerned “with 


to 
hen the description of the model tests 
1g onl? oF THE ARROYO Szco, Reacu 


ithe model of of the reach of the Arroyo’ Seco containing the Brown Canyon 
e was constructed to an undistorted scale of 1: 50. The part modeled 
is indicated by the hatched area in Fig. _ The channel 


4 


Devil's $ 


since 


615 
4 evils Gate Dam (see Pip. Decause OF UNC UCUUaUIONS 
‘ and debris load in the Arroyo Seco, adequate information for designing these — 
barriers and data on the influence of the barriers on the regime of the stream } eS 
“were not available. To provide such information, a series of model studies 
Service in cooperation with the University of 
l studies for each of the contemplated barriers 
| 
use 
ECAUSC 
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the topography. The s shaped channel was then covered with a thin protective 


coat of cement ‘mortar, brush finished. Additional roughness for the canyon 
bottom was | obtained by pressing | model bed- load m: ateris al into the fresh mortar, | 


Fig. 2 is a view of the completed ‘model of reach 1.00” 


= 


—35 Hrs 25 Min Duration ——— 
4-23 Hrs 34 Min Duration — 


r Sec 


Prototype Flow, in Thousands of Cu Ft 


| 


Prototype Storm of March 1938 — 


Fia. 3.—Hy DROGRAPHS AND Mope. OF THE ARROYO SECO Sror 


aa The barrier model was constructed of wood with a smooth varnish finish, > 


sduced to one fiftieth of actual size » without distortion. — The e crest ‘and wv wing 


ralls were built separately to allow for possible changes in design. os 


ba Discharge in the model was measured by a 45° V-notch weir. A continuous | 


record of the head-discharge relationship was obtained by the use of a water- 
“stage « recorder, and was supplemented by a point g: ge for more accurate 
“measuring for checking the adjustment of the recorder. 
 & The factor for conver Ming Gacharge | in the model to discharge in th the proto- 
type wa: was based on Froude’s law since it was considered that the most i impor tant 
oa measurements of flow Q would be made at the barrier, and the factor of gravity 
“would be more important than that of friction. 
in which A is the cross- ‘aaa area; V is the average velocity in the sec tion; 
+ D, is the ratio of model diameter D,», to the prototype diameter D, (> D, = 50 )- i 
193 
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the Arroyo 


PR Brown Canyon Barrier is a constant- angle are ch dam approxi 
65 ft high and 220 ft long, with its spillwa ay made roughly three fourths of this 


length. to accommodate the maximum design flow. 2 Since part of the flow is 
used for domestic purposes, the barrier was provided with a “griaaly” (an outlet, 
diameter, , adequately p protected to prevent clogging) and 6-in. 


weep holes to allow continuous flow passage. 
— The design ‘crest (see Fig. 4) was provided with a 10-in. air duct, with 6-in. 
“outlets —— at 10- -ft intervals: under the lip } of the crest, for aeration of the 


£11758" 


745' 7—Asphaltic Concrete Deep 


Air Ducts on Centers 


Bs, 
ORIGINAL CREST DESIGN 4 


1746" 

1746" Breaks in Crest Rounded 
on Upstream Face 

75! ALTERNATE CREST DESIGN NO. 9 £11758" 

4 
1748 
Breaks in Crest Rounded 


nish, Upstream Face 


@ LONGITUDINAL. CROSS-S SECTION 


Fra, 4.—Crest Prorites AND SEcTION, BRowN Canyon BarRIER, UpsTREAM 


nappe. Tests indicated that for flows as great ‘as 1,500 cu ft per sec, which — 
were accommodated in the flat part , of the spillway, complete | aeration was not = 
“obti ained (see Fig. 5(a)). 7 The depth and velocity of flow at the outside edges 
“were insufficient, causing the nappe to adhere to the downstream face, and | 
"prey enting aeration other than that provided by the air ducts. | ral ea 
a For flows larger than 1 500 cu ft per sec, aeration was more , complete, flow 
at the outside edges j opening anil then sealing off complete aer: 
tion, but not mater nally altering the go> of the nappe. the maximum 
flow of 15,000 cu ft per sec, however, the area . available for aeration on the 
night abutment was is quite (see Fic. 5(b)). Since measurements indicated 


ample freeboard, a ‘minimum of 3 ft being stipulated, ‘it was felt that redu tion — 
ut 


Ww ing 


Bee the e spillway length, by | movement of the right wing w all, would be desirable — 
toi improve aeration and to decrease the flow over | the right or east canyon wall. 


A total reduction i in } crest length ¢ of 12.5 5 ft improved conditions considerably. 
Further reduction was limited by the undesirability. of i increasing the stresses a 
developed in the barrier | by | displacement of the right wing ws all. Reduction 


— 


of erest length produced no impr ovement in aeration for flows of less than | 500 7 


Flo W in 


ve prototype was measured over the Devil’ Gate Ds 
ver the Devil's Gate Dam (for the March, 1938, 
| 
— 
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> = ft per sec. _ Modifications of original design, such as increasing the flow 


s section in the center or increasing the slope of the crest, were also unsatisfactory. 
a |: resorting toa a stepped crest, the low flows were confined to a narrower 

- section, with improvement ; in aeration. With the steps level, considerable lag 

was encountered before flow over the side steps attained sufficient depth | to 

sess free of the downstream face—the time of lag, of connee, depending on 

F ‘urther improvements in crest design. me directed tow rard reducing the 

ime during which this undesirable condition was operative. Several varia- 
tions in crest t design were tested. The 1 most effective w was one in which | the - 
steps sloped up to the center of the barrier, thus making the flow ona step 

deeper tow ard the bank and shallower toward the center. Asa result, a well-— 
developed nappe falling free of the barrier was developed at the outside of a 

-_ step by | the time water was flowing over the highest part and joining with the | 

: water in the adjoining lower step. ‘Therefore, the nappes under both steps 

were fully aerated at all times except at the instant when the flow aoa 


er Sec 


Cu Ft 


5.000 Cu 


5 


al Crest, Q = 29! 


1 


was joined. — At this instant a curtain of water was formed between the barrier 
and the nappe a as before but was almost instantly broken, leaving the entire 
-nappe well developed and falling free of the barrier. cet 
Later tests, with the barrier filled with detritus, indicated that the flow had 
a marked tendency to pile up on the west side | of the barrier. This condition 
; was as considered undesirable because of the excessive scour on the downstream — 7 
canyon 1 wall. To counteract this’ condition, the entire west half of the crest 
was raised 9 i in. _ The modification was as also beneficial for clear water flows (no 
detritus above barrier) by alternating the « operation of the s steps, thereby en- 
suring complete aeration of the nappe at all times (see Fig. 5(c) for 
hers final crest design at a . flow of 295 cu ft 4 per see). yeas 
At the maximum flow of’ 15,000 cu ft per sec, steps in the barrier crest— 


had no objectionable effect on the nappe. With this final ‘design » consider- 


1 Crest, 


IN OPERATION 


(c) Fine 
(a) Fina 


Sec 


5.—Views or THE MODE 


— 


500 Cu Ft per 
000 Cu Ft per Sec 


5 = 15. 


Crest, Q = 1, 
Crent, 


able reduction in flow over the right abutment has been obtained | (compare — 
Fig. 5(d) with Fig . 5(b)). For comparison of head-discharge relationship 
the various : crests tested refer to Fig. 5. The extent of flow over the ; abut-— 7 
ments was plotted on a grid system. a In ‘the prototype this aren will be protected 
Fora barrier approximately 65 ft above bedrock, with flow about 7 7 it deep 
over the crest at the maximum design discharge and with the bedrock fairly 
c erosive, it was apparent that some form of protection to the downstream channel 
would be necessary. 7 Observ: tions as to the e location ai and extent of scour ths at 
would occur without benefit of various 


(a) Original Designed 
Original Designed 


from 

1500 cu ft per sec to 15,000 cu ft per sec (prototype valate). - With a sand-— 7 
clay 3 mixture for bedrock, overlain with loose bedrock material, each rs rate of 7 
flow was continued until. scour conditions ‘appeared stabilized. ‘These tests 


indicated that the extent of scour, the maximum depth of scour, and the dis- 
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point maximum increased with increase 
flow ond Fi ig. 6). ” Since the flow durations to achieve stabilit r, especially for 
the two higher rates of discharge, are beyond any conceivable durations w hich | a 
might obtain in the prototype, the magnitude of depth of . of scour was | _— 
indicative | only of that which ultimately might develop. 

Tests using: an assumed hydrograph— of the design storm, having it 
- 15 000 er cu ft per sec, c, eliminating flows of less than 2 ,000 cu ft per sec and 


enduring for 171 hours ittiaaattianes time), produced a Maximum depth of of scour 


1 760 
Water Surface 
| 


— Original Crest Aerated 


y Bedro 
atthe Beginning of Runs~ | 


ky 


e sand- 


indie: sted that, ¥ here no scour hole could develop i in the bedrock, more of the ‘ 
_ was exposed and, for the maximum flow « of 15, 000° eu ft per. sec, the 

sed bedrock extended d 

iy In an attempt to determine the pect pee" duration to which the bedrock 

4 might be exposed, tests were made using hydrograph flow, of the design storm, 
capable of transporting bed load over the barrier. At te peak of the flow the 

7 _ extent of bedrock exposed was practically the same as that exposed for the 
“a maximum steady flow without bed load. | _ However, with the recession of flow, 
load was redeposited over the bedrock. Bedrock between 100 ft and 
_ ft | downstream from the eee exposed | for a lit little ‘more than a third of 
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Preliminary: tests of an 1 ogee sill (crest elevation 1,690), approximately 14 ft 
above bedrock, tested at 80 ft and 170 ft downstream from the barrier indicated 
that, to be elective, the — and the | distance downstream would have to 


scour by appr the that the eleva- 


tion. The main objection to these structures was their large size and the scour 


ieee of an apron 70 ft long showed good pre otec tion ; | against deve elopment — 
‘a scour hole; but the effect of this | apron w as, to expose the downstream | 
nei as in the previous fixed bedrock studies. Thus, as far as dissipating 
iE as concerned, the development of a scour hole was desirable provided 


that the barrier elt wn was not endangered. An apron 13 ft long, designed 
prima urily as a cutoff w all (which would act an an apron for flows less than 500° 


eu ft per sec ), allowed a scour hole to develop, reduced the undercutting effect, 


and was considered the most desirable of any of the structures tested (see Fig. 7). 
Deposition Srupres 
ield examin nation of bed load impounded by the Devil’s Gate Da am, as well 
as of that remaining in the arroyo (excluding a any me iterial that was considered 


me JOMBINATION APRON AND Curorr Tuat WwW As 
Most DestraBLe oF THosE TESTED 


residual), ga gave a a — approximation of the size and grading of ‘material trans- 
Ported. I In the absence of any actual measurements of rate of bed-load trans- 


_Portation, it was believed that past measurements of the loss of storage capacity 
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of the Devil’s Gate Dam could be correlated with flow measurements to yield 


approximate loading rates. Unfortunately, however, upon investigation there © 


were many confusing factors. | Measurements s of loss of storage ee 
‘Sue, in Inches; 50 Scale 
10 15 20 2530, 


q 


q 


Model Grain Millimeters 


cluded material contributed by a tributary, and did not include a substantial 
amount of material deposited a above the er crest elevation of the dam and the 

mouth of the arroyo. This was further complicated by the lack of complete 

Asa result, it was felt that more satisfactory information could be obtained 

a from the ymodel. Ai series of steady flow runs were made in reach 1 of the model | 
without the Brown Canyon Barrier in place.  «K or each flow, bed load was 
introduced atthe u upper e end of the reach at a rate that would not create excessive | 
deposition or scour at the point of inti introduction. Observation of deposition 

th throughout the reach and measurements and analysis c of the bed load introduced 
and earried away provided a method for adjusting | the ‘size, grading, a and = 
= obtain a bed load that would attain — movement and have ‘approxi- 
mately equal rates of inflow a ally used in the 
model was composed ¢ of commer wens sands oa gravels, varying in prototype size 
from } in. to 28 in. in diameter (see Fig. 8 for gr ading curve). By determining | 


steady rates of flow, loading curves were established for hyd: drograph fl flows. 8. 


7 7 Fe For the model studies of bed-load deposition, two hydrographs were vere used— 


“one, a hydrograph ‘similar to that of the maximum recorded flow in the arroyo 


— (9,000 cu ft per sec), a and | the othe other, a a hydrograph of the design storm with 4 


peak o of 15,000 cu ft per sec. 
the barrier i the first series of Tuns to ‘fill the were 
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May, 1946 


177, 100° cu yd per run(prototype 
alue). At the conclusion of the 


| 
| 


3! Crest Elevation 
first. run, the ‘detrital: front ex- Lowest Flow Section” |~ | | 
tended dow nstream a from the | i 
upper rend of the reach to with- 
in approximately 900 ft of the 
the front continued to move down- Jon 1943 Depdst sion 
initial filling of the barrier 
yd of bed load to be carried 
ns the detritus slopes, upstream 


“from the barrier, continued to. 
“crease, but at a decreasing rate. 


Cc 
a 


a The volume of stored material 4 | 8. 
} succeeding run the volume of bed 
increased until, at the end of the 
change was observed in the chan- 7 +5 
a. 4 
nel slope, stability w Was assumed to | 4 
exist. The average slope of the { | | 
| detrit al material, as based on the 
he canyon center-line length was. J | 
1.75% v with a storage of 1 
cu yd (see series A, Fig. 9, and |-- 
ied Table 1). This compares 414 
a 013 000 cu yd slope c of | ag 
188% The estimate was based if 
on measurements of debris slopes ; 
rate where measured slope aver + 
sine It was felt that size of flow, if 
rate of loading, and size of bed- 


load material would vary in the 
A 
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“influence on the detrital slopes and volume. As a result three other series of 
runs were made to observe the Variations that might occur. 
i pan Reduction of the bed load introduced, to one third of the volume in series A, 
caused noticeable scour at the upper end of the channel and reduced the slope 


and volume to ‘171% and 928 928 ,000 cu yd, , respec tiv ely (see s series B B, Fig. 9, 


TABL 1.—STaBiLiry mums, Brown Canyon Barrie R; 


LEGEND AND Dara. APPLYIN o Fie. 9 


4 
Sy mbol Hy dro- | ce | 


Original stream bed 
Canyon center line 


2 68 
| 116-121 | 4,400 


2 


- @ Maximum flow in cubic feet per second. Storage volume between Brown Guan Barrier and 
ordinate line N 4,202,300 (Fig. 9). . © Aver age stream-bed slope based on the canyon center line and the 


me Reducing the flow to the hydrograph for 9,000 ¢ u ft per sec, using the or igin: nal 


loading rates, increased the average slope to 1.88% and the to ,085, 


cu yd (see series C, Fig. 9, and Table 1). 


& With the same flow and loading rates, as in the. precedit ving series of runs, 

but with the size of bed load. reduced, the slope \ was decreased to 1.29% % ‘and 
the storage volume to 681,000 cu yd (see series D, Fig. 9, and Table 1). rp | 
> In all the foregoing Tuns, no attempt was made to ary the size of the ma- 
terial introduced with respect to flow. To check whether, at the 1 upper end of 
_ the channel, the accumulation of the larger sized particles which were not 


_transported by the low flows had much influence on the slope of the bed, a 


pee 
» ies of runs similar to ser ies | C was made. _ How ever, the bed load w as sepa- 


rated into t three > size groups and was: introduced i in satel ranges ‘that could d de- 


— elop general movement of all particles i ina giv en group. _ The resultant storage 
= olume was practically the same as in series C (see series E, , Fig. 9, and Table 1). 


© Stream bed profiles a and | center lines were plotted for each run. he ‘Those for 


the final runs, of each ser ies, indicate significant changes in slope and those for 
channel meander indicate the locations of those parts of t the canyou 


| 22-43 | 15,000 4 | 15 77,100 1,014,000 75 
| 4448 15,000 4 (15 | 24,600 | 928,400 | 1.71 | 
| 49-63 | 9,000 | 33,500 | 1,085,300 | 1.88 | 1. 
D | 66-70— 9,000 | 0.98 | 33,500 681,000 | 1.29 | 
E | 71-99 | 9,000 6B | 0.98 33,500 | 1,088,200 | 1.72 | 1.58 
| 


243,000 | 1,140,000 


walls that W ould be » subjected to to scour. _ ‘For the range of conditions tested, 
the detrital varied from minimum of 5 toa maximum 0.7 of the 
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a an to verify the model studies. ‘With a negligible 
* 3 detritus being carried 1 bey ond the barrier, surveys before and after the storm 
indicated that 243 ,000 cu ‘yd w were impounded by the barrier. Mechanica 
analysis of s amples | of some 10, 000 lb of bed load from twelve pits throughout 
the reach above the barrier showed that the bed load varied frc om fines to oc- 
= i sional boulders larger than 12 in. in diameter. ‘The average was Ww weighted a 
i on the basis of f representative volume (see Fig. 10). I If this range in material 


— size was reduced to model scale, : a large part of the material would be sa so fine 


» that it would be transported i in suspension. To rectify | this difficulty, the size 

. range W was reduced to a grain size varying from vo in. to 0141 in. (prototype values). — 
_ - Loading ra rates were determined as before, us using g steady flows. s. Manipulation 7 
a of the time scale in connection with the hydrograph of the storm allowed the 
=. required bed load to be intr oduce ed. Three series of runs of the January, | 194 3, 
a “storm we were made before results we were considered s satisfactory. Better con- 
7 -formity was achiever ed me ainly | by -manipul: ution of the time scale and loading 
9 on rates and also by the ‘closer conforn mity of backwater elev: ations maintained by — 

: the barrier. The final average slope in the model was 2.26% as compared to 


i Using the same loading rates and time scale (1 to 4. ae: the last test 
with the January, 1943, storm, an analysis of five storms w was made to achieve 
stabilized slopes above the barrier. Even though the rates of bed load trans-— 
ported over the barrier did not attain the rates of bed load introduced at the 
upper end of the model, a ‘small change i in 1 slope was concluded to represent, 
approximately, the maximum slope that would be developed by ‘storms similar 
to the January, 1943, storm. . The storage volume (1,140, 000, cu yd) and the 
i erage slope (2.01%) of this final stream bed (see series F, Fig. 9, and Table 1). 
are both 0.13% greater than the m: iximum of the previous tests. If the original 
-diserepaney i in model verification of the January, 1943, storm is considered, 
it can be concluded that previous results, based on model determination of 

lou ading rates and bed-load size, were e applicable to the prototype. 
As a result of these bed-load studies, since the probability of having identical 
storms to flow , bed- load size, and amount available for tr ansportation 
rather remote, true. stability of slopes or v¢ olume will n never r be achiev ed, but 
will vary depending on these and other factors. . Also, the range of results 


- obtained i in the model | studies appears to to predict the nadie var iations t th: oad 


= 


be expected i in the prototype. 


PROTOTYPE Crest Perr ORMANCE 


.; _ Measurement of depth of flow over th the barrier, for the e peak of 4,400 cu ft 


} per sec, during the January, v1 943, stor on, aevountion for flow through the w eep 
holes and the “grizzly,” compared favorably with head-discharg relationships: 


as detern mined i in model. 


. — The occurrence of the January, 1943, storm (peak flow 4,400 cu ft per sec, ie 
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In the prototype there is less tendency 
of the nappe | to adhere to the lip of the 


FROM THE BARRIER” 


The storm of January , 1943, occurred 
before the combination on and cutoff 
“wall were constructed. As a result no 
comparison can be made with the instal- a 
lation as recommended by the model ae 
studies. he scour that did occur, how ¢ 
“ever, er, W without the benefit of a any ‘structure, e, 

g was s simila ar to that obtained i in in the mod: : 
where the bedrock was fixed and overlain 
with loose bedload material the: 


OF . 


STrorM 


s_DeposirTs, 


—OPERATION OF THE CANYON 


Barrter at A or APPROXIMATELY 
bandied: feet, Cu Fr Pen Sec Ovex THe 
With the removal of the overlying 


loose bed-load material, a stilling pc pool developed immediately below the barrier. 
Read pool extended approximately 40 ft downstream, with the greatest depth 
of 10 ft at 25 it rom the barrier. 


£ 


SaM 


, 


that it v was, ‘not caused wear the bedrock but 


Remarks 
__ Observation of discharge over the crest of Bed barrier, wh ile 


than a third of the maximum design flow, ¥ 
results as obtained from the model. — 


Scour downstream from the barrier (the combination cutoff 
had not been installed at the time of the storm) produced conditions similiar to 
those that occurred in the model—that is, the overlying detrital material was 

scoured and bedrock wa as exposed for a considerable distance downstream. i " 

Although a comparison 0 of the detrital slopes that eventually will exist 
stream from the barrier cannot be made at this s time, the slopes and disposition o 
of the ‘initial filling are comparable to those attained in the model. 


a As a result of the studies involving the a Oy . and deposition of 


300 cu ft per sec, part of the spillway is 
operation, as shown in Fig. 11. T depths of flow over the crest. 
7 
| 
> 
| 
i 
covering less — 
to predict changes in existing 
ae tan be placed in the use of mode Is Ltr to be made to determine what takes ee eee 


an These were” during (1942 by ‘the Department ( 


| Agriculture, U.S. ‘For est Serv vice, Region 5 5, in cooperation with the Department 
of Mechanical Engineering of the U niv versity | y of Califor nia . — 
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F DRAWDOWN | TEST TO 
Abe TESIAN WELL 


BYC.E. Jaco, “ASCE 


j 4 
T he drawdow n in an artesian well that is pumped has two components: The 
first, arising from the ‘‘resistance” of the formation, is proportional to ‘the 
- discharge; a and the second, termed “‘w vell loss” ’ and representing the loss of head 
that ace ompanies the flow through the screen and upward inside the casing | ag to 
4 the pump intake, is propo ‘tional appr ximately to the square of the discharge. 
resistance of an extensive d increases with time the e 


widening area of of the well: expands, ‘onsequently, the “specific 


of the well, which is « isch awdow n, ‘decreases both 


ou 
= nation of the well loss and of ee 


ration as the is increas in ise fashion. A simple 


sted procedure giv ves the permeability and the emmnarnted of the bed. 


From these several factors it is possible to predict the pumping ng level at any 
time for : any given discharge. 


one or more 


| 
It has long been known that the discharge of an artesian w rT is almost, — 


a Nore.—Written comments are invited for immediate publication; to insure or the last | 
discussion should be submitted by October 1,1946. j= = 


Hydr. Wi Water Resources Branch, U. 8. Geological ‘Surv ey, Washington, D.C. 


| 
ip 
— 
lined in this paper permits the de- 
q 
The letter symbols in this paper are defined where they first appear and ee 
| 
be q 


to drawdow n, called “specific capacity,” is seen from Eq. A to be 
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1141.4 


water lev el, customarily measured ¢ after several hours of continuous operation. | 
| 


Usually the major part of this loss of head, or drawdow wn, occurs in. in the forma-. 
- tion, where the energy expended i in overcoming the frictional resistance of the 
sand against the slow ly moving water is directly pr oportional to that rate of 
‘motion. © A ‘smaller although no less important part of the loss of head occurs | 
as the water moves | at relativ ely high velocities through the screen and upward 
inside the casing to the intake of the e pump. ' This head loss is s approximately 
proportional to some higher power of the velocity approaching th the ‘eqeare of 


the velocity. . Adding these two components of drawdown: rus 


—approximately. elec poten 


tial drop | and the Pi @, to the factor B can 
be defined as the~“‘resistance” of the formation. . This fa factor represents the 
~ total hydraulic resistance of the formation, from the face of the well to some 
+ distance Ww here the head d drop i is virtually zero and w where the radial motion of 
water tow ard the « discharging well has not yet begun. . The ‘ratio o of discharge 


Clearly, then, the specific capacity must vary » how ever slightly, with the 
discharge. “Also, it must vary with time because, as will be shown, the re- 
‘sistance B increases with time as the ev er-widening area of influence of the 

ti is the purpose of this paper to demonstrate that the factors B and C can 
be determined a procedure that is little elaborate than the usual 

Bs sm crak test”? ” made to determine the specific capacity and to check the 


_ performance e of the pump and motor. _ This is accomplished simply by con- 


trolling, more closely, the ‘stepwise variation of the discharge and by observing. 
more ‘frequently and more accurately, the trend of the pumping level as it 


1 shows three typical examples of artesian wells that completely pene- 


trate extensive formations of assumedly homogeneous structure and uniform 
thickness. Fig. 1(a) is the ideal case of an ‘uncased hole drilled through « a 


water-bearing s sandstone confined above and below by i impervious shales. 


tually all the head loss occurs in the formation, : since no well screen or or slotted 


casing is present to impede the flow of water into the hole. There must | in- 


_evitably be some additional friction as the water moves. up the hole, and con 

d “sequently the pumping water level in the hole does not coincide exactly \ with 
the head at the face of the hole just inside the formation, but rather stands 
‘somewhat lower, perhaps ai as indicated by the dashed line in Fig. 1(a). 2 ~ 

= shows a common amon ty of construction i inan 
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having the same thickness and permeability as the sandstone of Fig. l(a). 
— 


In the second case, with the same discharge — is iia same Seis — > 
within the formation; but i in addition 1 there is a a “well loss” which includes the _ 
head lost through friction as the water flows upward inside the screen and 
casing to the pump intake as well as to the head drop across the screen. 7 The 
radial distribution of head within the formation is about the same in | both 


Well Radius ~ Well Radius 


Drawdown BQ 


\ Lessened Drawdown Due 
to Increased Permeability 


| 
| 


> 


Envelope c 
Zone 
Cla 
= Fra. AL EXAMPLES OF ARTESIAN WELLS, SHOWING DISTRIBUTION OF Draw DOWN 


cases, which may indicate that the sand in Fig. 1(0) is 1 not greatly affected 


by drilling or developing operations; the screen effectively retains all the sand 


A common, although not alw ays essential, item of artesian w ell construction — 


in unconsolidated formations—the gravel envelope—is nin Fig. 1(c). ‘The 
gravel env elope is particularly effective when the water-bearing sand is fine | 
and of uniform grading. ~ When properly constructed, it i is also useful in other 7 
situations—to prevent the fines from being drawn into the w ell. If the size 
of gr: gravel is properly chosen, the head loss in the immediate vicinity of the screen - 
is teduced to less than it would be if the natural undisturbed Wi water-bearing 
Seen which the gravel replaced \ were there. | Developing a a Ww vell to remove © 
the fines from the material surrounding. the screen has a similar effect. ” In 


form some sands, developing operations : alone are adequate and gravel- all 


pene-— 


‘struction is not needed. In either case the increased permeability of the ma- — 


terial surrounding the Ww vell lessens the drawdown and increases the | effective 
radius of the w ell. ‘ “Effective ri radius” ‘is defined as that distance, measured 
; radially from the axis of the w ell, at which the theoretical drawdown based on 
the logarithmic head distribution (defined subsequently by Eq. 4) equals: 
actual draw down just outside the s screen (see Fig. 
pa dashed curved line in Fig. A(c) represents the head distribution that 
a would exist if the water-producing | bed were left in place vu undisturbed, with — 
permeability. ‘That curve duplicates the drawdown curves in Figs. 
1(a) and (16). It is so shaped because, to maintain a steady flow of ‘water, 
(at the rate Q) tow oward the wel well, the the hydraulic — inversely 


ma- — 
the 
| 
al 
e re- 
the 
‘ean 
isual 
ving, | 
Vie 
rad 
— 
— 
with 
| 
esian | 
— 


ory 


Shas 
“permeability” or tra 


«* * * the quantity lv ‘olume] of water that would be transmitted in unit 
ica through a cylinder of the soil of unit length and unit | cross-section 
under unit difference in head at the ends.’ oo . 


In Eq. 4, the “transmissibility,” is the product of k and ‘Eq. 4g giv es a 
logarithmic distribution of draw dees n that holds in the immediate vicinity of 
aw Ww ell pumping fre om an artesian bed | which it penetrates completely. _ Assum- 


ing that the drawdown, is known at the effective well radius, the draw- 
down at some greater ‘distance may be determined easily. Actually, as 


‘matter of common knowledge, the drawdown in an artesian well increases con-_ 


tinuously with time (rapidly at first, of course, and then more slowly) as lon 1g 7 


as the ney continues ata steady rate and also provided that the well is : 


not too | near the margin of the aquifer where the head m: ay be maintained 
essentially constant despite the withdraw al of water. determine the draw-— 
down at the well and its distribution throughout a1 an extensive aquifer at. any 
— | time, it is necessary to study the flow of the confined water in response to vary- 


Trt? 


ing heads more closely, taking into consideration the compressibility of the 
water and also the compressibility | of the sand bed. ——— 


THeory oF NoNsTEADY RaDIAL IN AN EXTENSIVE 


Consider a cylindrical shell of height b, inner radius r, and outer radius : 


1 + ér) concentric with the axis of the Ww ell. By the principle of continuity, 


= 


the net outward flow of water from this shell must equal the time rate of de- 
crease of the volume of water within the shell, referred toa constant (atmos 


pheric) pressure. The total volume of water in the shell is 


‘in which nis the porosity, of the sand. The time rate of decrease of this v ry 


is 2rrérbnB— which is the specific weight of the water and 8 is 


its: compressibility. To allow for the compressibility of water-producing 
bed, which is assumed to be compacted elastically as the pressure is reduced 


_ -- 2** Theoretical Investigation of the Motion of Ground Waters, ” by Charles S. Slic chter, Nin in teeth 
Annual Report, U. 8. Geological Survey, 1899, Pt. II, p. 323. zi 


The Relation Between the Lowering of the and the Rate and Durat 
_ Dischar e of a Well Using Ground-Water Storage, dest Charles V. Theis, Transactions, Am. Geophysical 
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and as the water. ‘is allowed to expand, ‘an apparent compressibility. B, is is 
uted for B. E ixperience*:® indicates to be several times the actual 
sompressibility, | B.C ombining several factors into a nondimensional © 


atl, 7B bn. (6a) 


id 2 r rr is the time rate of decre: ase of the volume of water. 4 In 


6a S is the “ ‘coefficient of storage,” Poon h defines the volume of water that 


= unit dudien i in head releases from storage in a vertical prism of the aquifer” 


‘The apparent fluid “compressibility, 6’, is related to the respective com-— 


_ pressibilities of the water and the sand as follows: 


Again B is ie compressibility of the water, and n is the porosity of the sand. 7 
The symbol a represents the “ “compressibility” of the sand bed—that is, , the . 
relative decrease in thickness of the bed per unit increase of the vertical com- 
ponent of compressive stress in the sand. 
The foregoing relation in somewhat different notation was derived in an 


earlier” paper® by the writer in which the — of nonsteady — flow in elastic © 


artesian aquifers was developed. 


The outward flow of aaa from the. shel through its inner cylindrical — 


surface is equal to — 247 T 


A, 


‘Similarly, the outward flow through the 


is 27 T (r + br) ($+ 


‘upper and lower bounding planes of 1 the aquifer 
_ of these two terms may be equated to the time rate of decrease of the enclosed. 
volume of water. Expanding, eliminating differentials of higher order, simpli- 


fying, and dividing through by or): 


The solution. of this fundamental differential equation that is sought here 


‘must s satisfy the following conditions: — 


‘Notes on the Elasticity of the Lloyd Sand on Island, New York,” by C. E. Jacob, 
Di SAD lication of Coefficients of Transmissibility eel Stora age to Regional Problems i in the Houston 
exas,” by W. F. Guyton, ibid., pp. 756-770. 

“The Significance and Nature of the Cone of Depression in Ground-Water Bodies,” ” by Charles V. 

= 7The Source of Water Derived from W ells,” by Charles V. Theis, Civil Engineering, May, 1940, p. 277. 

**‘On the Flow of Water in an Elastic Artesian Aquifer,” by C. E. Jacob, Transactions, Am. Geophys- 
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‘The answer is given in ter ms of an infinite ser series®: 9.10 ag follows: 


2 giv es a nondimensiohal plotting « of Eq. 9 or of Eq. 11. The well 


arts pumping at a steady rate Q at time zero = at 


given ‘distance from the well in 

| 

0.57720 


Log ¢ (fs) 0.5772) 


(Lower Scale) | 


pie 


a 


Fre. 2.—NONDIMENSIONAL TIME-DRAWDOWN CURVES, EXacT AND APPROXIMATE, FOR SINGLE © 
Discuarce at A Sreapy Rate, FROM AN EXTENSIVE ARTESIAN AQUIFER 


‘maximum rate e of increase at t/t* = 1. _ As this is the point of inflection on the 


“Tn Fe 3 the same equation is plotted on n semilogarithmic paps paper, — in 
nondimensional form. sufficiently large vs values of t, the W. -function may 
be approximated by a simple logarithmic expression that plots as | | 


The Relation Between the Lowering of the Piesometric Surface and the Rate and Duration of 

Discharge of a Well Using Ground-Water Storage,”’ Charles V. Theis, Transactions, Am. Geo-— 
_ 10'*The Flow of Homogeneous Fluids Through Porous Media, "by M. Muskat, McGraw-Hill Book Co., 
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| Thus, the drawdown after sufficient time has elapsed is 
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. 3. ——SEMILOGARITHMIC PLortine OF THEORETICAL DOWN Curve 


AND STRAIGHT- ‘LINE APPROXIMATION 


ell loss is appreciable Figs. 1(6) or 10), the drawdown in well 


—¢ ae ies. Eq. 136 with Eq. 1, the resistance of in aquifer is 
5772 


B= 


a According to Eq. 12 or Eq. 13a, S and T may be determined from a series’ 
of ne dow: n observations by plotting values of 8 s against: values of the ‘logarithm 


"Taking two on that to the slope, 
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Kq. 15a can be simplified further by choosing, arbitrarily, the — points 


one log eycle apart. Then, logio = be = 1, and 


Knowing ', theoretically. t the wiles of Ss may now be ‘determined from the 


‘of the. straight ‘line with the zero- -drawdown n line beeause at this 
point (t, 0)— 


2.95 Tt 


TO A SIMPLE Draw DOWN | Test 


“Big. 4 is a semilog garithmic graph of data a from : au simple dr: rawdown | test of 
a a well and a near- -by observation well in glaci: al outwash near Mead- 
rn ville, Pa. The pumping well is of the gravel-wall type and has 15 ft of 1S-in. 


a screen between depths of 49 ft and 64 ft. During the test it was pumped at 

Q= = 1, 350 ‘gal per min, or about 3.0 cu ft per per sec. ~ Observa ations of drawdown 

We ere made periodically by an air line in the pumping well. An autom: tic gage 


8 gave a continuous rec cord of the drawdown and subsequent recovery in an 


observation well 1, 200 ft away from the pumping well. The data for the 
cc down period | are plotted as open circles. The data for ‘the recovery period 


are plotted as solid circles. 


—~ transmissibility may be determined from the ‘slope of either straight 
line. | In both cases the change in drawdown over one log eyele is 2.27 ft. 


Ace ording to Eq. 156, with Q equal to 3.0 cu ft per sec, the value of T i is 


== 0. 24 sq ft per sec. The storage coefficient may y be determ mine 


from the os of the upper straight line with the zero-drawdown line by 
‘sl t= 693 see in 17. The ‘result of this calculation, giv en in 
g = 2:25 X 0.24 x 693 _ 


the porosity sand to be and its ‘kness 


= 624 (lb per sq ft) X 0.35 X 100 Ut) 


8, 400, per sq ft) 58,000 (Ib per sq in. 


The bulk me talus of gas-free water at ordinary temperatures is about 


300, 000 lb sq. in. . The apparent w water compressibility (which is the Te 
preety of bulk modulus) in this case is then about five times the actual aii. com- 


in Feet 
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ints - Assuming that this value of S holds within the immediate vicinity of the 


7 a well, the well loss and the factor C may be determined under the further pro- 


isional assumption that the effective well radius is equal to the nominal well 


a Drawdown Period 


Recovery Period 


(Right H Hand Scale) 


(Left Hand 
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1.—Sem MILOGARITHMIC PLOTTING OF Data FROM A SIMPLE DRawpowNn OF 
By OBSERVATION WELL TO DETERMINE» 


STORAGE COEFFICIENT, AND WELL Loss 


For ext imple, to determine the drawdown for one di lay, with th the use of Fig. 4, 
4 
‘solve the formula: 


P 
Hows: ~ -{ 2.303 logie 


T Tt _ 4X 0.24 86,400_ 
ration 0.5625 X 2.6 X 10% = 5.67 X 10% 8-753 
value in 1 parentheses i in Eq. 18 equals (8. 753 2.30: 3) 19.5 5; 
8» = 3.0 19.58 + Qe 19. 5+C = 48. 48. ‘ ft. Finally, C Q@ = 9.0 C = 


- — 19.5 = 28.5 ft; from which Cc a2 is ~The foregoing caleula- 


-E indicate that B Q in this case was s about 19.5 ft after 24 hours of ¢ ontinuous — 


pumping. Th he observed draw Gow nin vell at tha at time wa as 48.0 


— 
— 
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28.5 5 ft for 


5 how capacity of of the Ww ell ‘under discussion’ woul 1 


vary with | the discharge or with time. | Because « of the relatively high well loss, 


the one-day ee 4 capacity for Q ~" cu ft t per sec | is only ¢ about 60% of 


- for Q = 1 cu ft pe per sec. ~ The one- year specifit” “capacity for 3 cu ft per sec 


Cu Ft per Sec 


3’ 


why 


£ 4 


yacity, 


pacity, 


ic Capacity, 


ecific Ca 


Specif 
Specific 


vine 


pats 


Time, 


is s about 0% of th: for 1 cu ft at lower discharge rates a greater 


the for hich j increases time w while. rem: nains 
constant), the specific capacity shows a greater percentage decline at the lower ‘ 
discharge ri rates. be This fact i is shown cles arly in Fig . 5. . With Q= 1 cu ft per 
see, the specific capacity declines from about 0.104 cu ft per er sec ‘per ft. at one 

4 day: to about 0.086 cu ft per sec per ft ft at one year—a drop of about 17%. On — 
- the other hand, with Q= = 3 cu ft per per. sec, the specific ¢ capacity declines from 
_ about 0. 063 cu ‘ft ; per sec “per ft at one day to about 0. 0.056 cu ft per sec per ft 


yeti 


at one year—a drop of about 11%. uit i 
me. ig. 5 illustrates the importance of stating the length of the pumping period 


during which the discharge remains constant, and at the end of which the re- 

ported specific capacity is to be determined. It is also i important to state the 
discharge. Too often in the past the specific capacity has been regarded Ye 
invari able, only | passing attention. being to 


effort being to closer than half a scale division. Ve ery often 
the discharge i is allow ed to vary unmethodically to obtain several points quickly — 
on the discharge- head curve for “checking: the characteristics of the 7 
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be attributed to the fact that, most commonly, measuren 
‘haps be attributed to the fac ge reading to the nearest 

_ drawdown are made by an air line, with 
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sec, : In the example given in this section it was assumed that the gravel envelope - 
an was not particularly effective for reducing the drawdown in the vicinity of the 
uld- well and that therefore the nominal radius of the well screen might be used for 
OSS, the , effective radius of the well. — Actually, a a more practical dine of attack is’ 


to assume that a re as in Fig. and then to a 


radius, w hich i is to be ls “The theory of a is outlined 


in the following section. — 
OF Mun TIPLE-STEP DRAWDOWN Test 1 TERMINE 
ELL Lo Os Ss EFFECTIVE W ELL “Rapwws 


Kq. 136 giv ves the n an artesian well with an appreciable well 
loss. applies toasingle 
drawdown period preceded 
by a period during which 
‘the well is idle. By modi- 
fying the second term of 
‘the right- hand member, 
Eq. 136 may made to ° 
apply to inerements of 
drawdown oceurring in suc- 
cessive periods, at the 
ginning of each which 
disel charge is increased 


ig. 6 depicts the 
gressive lowering of head 
multiple-step dr: awdown. Vi 


test. Two of draw- 


one down curves are shown: 
“Fig. 6(a) shows the draw 
dow n that w ould oceur dur- | 

ing the suc cessive periods 


of the test if there w were ne 


ater 
thin: 
Ww er 


wn 


Draw 


Values of Draw 


| 


well loss; and Fig. 6(), fi 
the notation 1 

includes the well loss, C Q?, 
values of are indi- 
cated in Fig. 6(a) 
timet = if the = 


idle) is st 
started pumping at 
q 


arge 


6.—VARIATION OF DISCHARGE, DRAWDOWN, . AND We 
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t! = =t to 

amount AQ» » to new rate, Qe», the second increment of drawdown obeys the 
5772 


at some later time the disch: arge i is ine teased by a 


inw 
relation 
Similarly, , the third inerement of drawdown beginning: at. time te 
log. =- — — +0 (Q's 
I 
= 


relation, 
Be 


ray 
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mine 
as this factor r shifts 


The value of T might be determined from any one of th 


in which = 
ane 
plotting: As a a gainst log. as. before. - Howe ever, to de 
Ww hich to solve [Or Te, the constant. C must first be found 
i Dividing Kqs. 19 and 20 by the respective increments of discharge, and 
= t, after simplifying the differences in squares of 


the intercept a ace ording to the m: agnitude of Qi- 


fixing v=’ 


values of 


| 


+ 
= 
ati 


(AQ: 

+ AQ; 


sidering log t to be variable, Eqs. 21 are the india of a series of 
. 22 


lines \ w are given by 


Just as ratio 


Con: 


— 
| 
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— 
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Taking the differences between 

y 


oat 


to discharge may be termed ‘ “specific ¢ drawdown.’ ’ Similarly, the ratio of an 
-inerement of drawdown to the increment of disch Large producing it 


termed “specific incremental drawdown. ” ‘Kgs. 21, then, give the 


7 incremental drawdown as a function of time, the fectee B eesti g with time 
while the fac tor C remit constant. 


Che factor C m: Ly be determined from any one of 
there may be let ermined the difference e: 


m7 + AQ:). 


In san for the limiting value that the specific incre- 


mental drawdown approac ches as the discharge ine rement approac hes zero and 
the well los O88 CO onsequently b negligible. ‘Subtracting 23 from the 
first of Eqs. 21, calling and keeping in mind that AQo ~ 0: 


0.5772 


Og. 
_ It the values of specific ine ‘remental drawdowt n given by E “gs. 21 21 are plotted 


against log as ‘suggested pr prev iously a series of straight lines is obtained. 
Eq. 2 


and spaced with reference to the first of the str: raight in 
with Kq. 23. = Inasmuch the C-term is lacking in 24, that equation 


simply expresses the component of drawdown that occurs in the ‘formation. 
From its intercept with the zero-drawdown line, then, the effective radius of 


the pumping well may be determined by the ite modification of Eq. 17: 


S can be determined from in a near-by obs 
ell at a known distance r, as s shown i ‘in Fig. 4. 


Drawpown Ter 
Bigs. 7 and 8 give di lata from a multiple-step | dr: awdow n test run in Aug 


1943, at Bethpage, Lo ong Island, he well that tested was gravel 
~ packed and had 50 ft of 8- ‘in. screen with a No. 60 slot, : 

as was equipped with a a 1,200 gal per min 1 deep- well turbine pump. 7 a 
flow was metered. with propeller- ‘type meter in the discharge line. wad 
~ inside the casing were measured by an air line with a a pressure ga ge read- 


ng in pounds per square inch. . During the first period of the test, measure- | 
E of ‘depth to water w ere mi ide with a w eighted steel tape. Thereafter it a 
was not possible to lower the tape to the Ww ater surface. 
his test had four periods of approximately one hour’ s duration each. 
‘timing the dial on the nonrecording f flow meter w ith a 1 stop Ww: atch, it was possible 
to secure virtually instantaneous readings of | the discharge. Actually, 
: pumping rate declined slightly during each period of aii test as the constant- 
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“speed pump adjusted itself to ‘the low ering water level in accordance Ww ith the 
> 

_ head-discharge characteristic. — i As these variations were slight, only the average 
discharge for each period i is shown in Fi ig. 7. ta Readings of the air-line p pressure 
gage (converted) are j indicated by X’ Ss. _ The ci circles plotted one hour after the 
beginning of each period are e interpolated points that a are carried over to the 
discharge-draw down diagram (Fig. 7(c)). Curve A, drawn through these 
- points, is the type of curve ordinarily obtained, drawdown re: adings being taken 

at the end of each period of the test. Customarily, the specific apac ity 
_ is determined from an average secant of curve A passing through the - origin. : | 

doa alues of dra w down n increments taken from fi 7(a), div ided by correspond- 

against appropri: ate values of 


neti 


| 


Static] = Values of AQ; -1+.4Q; in Cu Ft per Sec 


— (Based on Readings oft — 4 


—— 80 J 

Time, t, in owes q@ugat 6, 1943) ae : Values of Discharge, in Cu Ft per Sec 
“fan OF Wau EFFECTIVE WELL Rapius Is Nor Kxows 


time on a logarithmic scale. Using the re adings during the first period 


The spacing of the in of feet per feet per second 
s given in the first column of the tabulation in Fig. 8. Also tabulated : are the 
sini of the periods, the discharge during each period, the increment of 
at the of each period, and yoo sums of incre 


columns. of this tabulation a are e plotted i in 1 Fig. 7(d) to determine | ¢. oth he at 


experimental | points, for t= 2, 3, and 4, show considerable. partly. 
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4 8.—Semm OGARITHMIC or Data FROM Fria. 7(b) Gian 


perhaps of the of the but more likely because of 
inaccuracies of the air-line pressure-gage readings. From the slope of 


- straight line drawn through the center of mass of the three points, Ci is found 


sec? 
4 Knowing £, the amount of well loss during each period of the test may now 
be determined. For the fourth period of the test, when the discharge was 3.39 ; 
cu ft per see (1, 520 gal y per min), the well loss is computed as 15.5 ft. | During — 
the earlier periods of the test, when the discharge was smaller, the well loss 7 
was: correspondingly smaller, as indicated in Fig. 7(a). — Subtracting the ap- — 
"propriate value of well loss from each point plotted i in Fig. Tc), € curve B is ob- 
tained. This curve then repeesente the discharge-drawdown relation for zero 
‘well loss. - The straight line C (Fig. 7(c)) represents the relation between dis- — 
charge and drawdown that would be obtained with zero well loss if separate — 
] -one- hour tests were run at each rate, starting from rest, with long intermediate — 
; Theoretically, it should be possible to determine the transmiseibility of the 
bed from the slope of the straight lines j in Fig. 8; but the situation i is complicated 
somewhat | by the lenticular structure of the material ——— by the well. , 
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 &t greater distances it is effectively although somewhat circuitously inter- 
connected with overlying beds of sand. If the setup were more nearly ideal 

“as _ and if there were a near-by observation well from which to determine the value 
ofS, the effective radius of the pumping well might 


Beca ‘ause of limite ations of the data from the two examples given in the p Paper, 
draw n test Ww ith this j in ‘the prac tical 

of the theory can be summarized somewhat as follows: a 


Que 


a (1) The test : should be run following « a per ‘iod in which | the well has. s been 

B: inactive, beginning a at a fraction of the ¢ capacity of the pump and incre: asing ng the 

; discharge in steps, each of which is a fi air f fraction of the pump capacity: (Fi ig. 7). 
each the test the metered should remain essentis ally 


(2) During each period of the drawdown frequent readings 
- drawdown should be made by air line or, if possible, preferably by” a steel tape 
or r by an e electric-contact device. Tf an air line is used, care should be taken 
to use a a reliable pressure ga gage that has been parr ‘and to read it to the 
@) E requent draw down n readings shoul 1 also be taken in one or more ob 
screen | of the well 


prove not closer ‘ice the sand thie from the pumping well. 


(4) Plot. the de ata obtained under item (3) ona semilogarithmic graph 


(F ig. 4), us using inerements of drawdown against logarithm. of time. _ Deter mine a 
the transmissibility from the slope of the straight lines and the storage coefli-. 
“cient from their average intercept. 
(5) Plot the data _ obtained under items (1) and (2) on rectangular 


‘nates (Figs. 7(a) and 7(6)). _ Extrapolate the drawdown curve for each period 


through the following period to determine the increments of drawdown. — 
_ 6. Plot values of specific incremental drawdow n against the logarithm n of { 

time on ‘semilogarithmic pay paper (Fig. 8). parallel straight lines through 
the plotted points. — (Extensions of these straight lines should ¢ check - the ex 
trapolations on the other Secondary may y be made to 


mine eC from. the slope of through the o origin nail the 
center of mass of the plotted data. 
(8) Compute the well loss for e: ach | period of the test from ce n 
2 (9) Infer the limiting straight- line relation for zero. discharge. (Fig. 8) and 
from its intercept with the zero-drawdow n line, using the | value of storage 


ent determined under item. (4), ¢ compute the effective radius of the w ell. 
the storage coefficient and transmissibility of the bed and the effecti tive — 
t radius of the 1 well are determined, it is possible to ‘compute the resistance, B, 
at any time. Knowing the factor C, it is possible to compute the well loss. 
‘Combining the two, the total draw dened in the pumping well may be deter rmined 


for any time and for pumping rate. 
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In extensive artes 
worthy for } perioc 


must be upon further ‘consideration and of the outer 


roncept procedures advanced i in paper wre constitute 


ology and 


“ite 


The procedure itemized in n this ‘ ‘Summary” 

{ time during the life of aw ell, the ae ccurate ¢ determin: ition of both components 
of its ‘specific drawdown n, ‘ini, for example, facilitating ig the recognition of the 
effects of encrustation of the screen or sand packing of the gra gravel wall, which — 

too often have been ascribed to “depletion of the s sand.” " Furthermore, it 

: should en: able the evalu: ation of ‘the effective eness of gravel packing and of the 
various development. opel rations practiced i in well construction. Through the 
accumulation of data, as wells” are developed ‘and placed in operation, this, 


edure should aid in the selection of the grav el ‘size e and 


grav wi is ci called | for, “unnecessary expenditures for this type of con- 

struction: may be avoided by ‘ to cases that have been. tested under 

circumstances. Through of the trend of p pumping | lev send 


practice of operating a a pump with its dise harge. throttled to keep within the 


set by the diminishing capacity of the well. 
a : The. dec sine i in producti tion 0} of oil w ells i is perhaps event more troublesome | than 
ugh in in the production of water wells. Often, it is difficult to deter mine whether 


the decline is due merely to depletion of the reservoir or whether it is : due to the — 


iod 


mance throughout the life of f the well, thus: avoiding the 


ex- ~ 

> to plugging of the perforations i in the “liner )” tot the transportation of the fines, 
ry 

to the deposition o of asphaltic substs ane es, or to other causes. W ith some modi- 


ring fications the procedure outlined i in this pa paper can be applied to oil wells as an 
aid j in answering | such questions. However, more accurate determinations of 
fluid level would be required than are now generally while pumping 


4 steadily, at different rates of 
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tal no of 


NOTATION 


he following letter symbols conform essentially with American Standard 
: Letter Symbols for Hydraulics (ASA— —Z10. 2—194 2) and with ASCE Manual 


of Engineering Practice No. 22 on “Soil Mechanics Nomenclature” =i 
aulic resistance” of fort mi ation, head loss per u unit + discharge; 4 


rere 
ansmission ‘constant, 


AQ: = increment of isch: arge; t= 1, 2, 3, - 


— r= radial distance from axis of w well: r 


= “effective 1 radius’ of well; 


= “coefficient of storage” = (b/V)(dVu/ 
drawdown at distance the difference eon initial head and 


= drawdow n at re , according to theoretic al logs ne distribution ; 


= “specific incremental drawdown’ during of test; 
As*/AQo = value of awdow n for disehs arge. 
= “transmissibility” 


=PS8/4Tt= */t, an il variable; 


/(u) = = “well: function” of u, or the negative 
u, for w hich tables are available; 
= “compressibility” of solid skeleton of sand bed, “relative decrease 
thickness: ‘per unit increase of vertical component of com- 
pressive ‘stress in sand bed; = 


B = compressibility water in bed; 


20 bey 


— 
— 
| 
= in term CG expressing “well loss,” «component of 
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PROGRESS OF THE ON ADVANCEMENT 


Yori 
SANITARY ENGINEERING OF THE SANITARY 


ENGIN NEERING DIVISION 
ind All surveys of the personnel needs of the postwar world indicate an increased — 
demand : pe penta field of service for sanitary engineers. . In the 2 realm 
ss public health; in the design, construction, and supervision of sanitary works; 
in the armed services; in far-flung relief and rehabilitation activities; in cine: 
: tional w work; in many types of industry; in the design, mnanalactene, and sale — 
of. f sanitary equipment; in the food handling | and processing industries; in 
some fields of municipal gover vernment; in the vast and long-neglected realm of — 
housing; and in many other activities—there i is increasing need for the ‘services — 
of trained and experienced sanitary engineers. Specific predictions of such 
a During W orld War II » a very careful census of sanitary engineers w was 
conducted in connection | with the procurement and assignment functions of 
the War Manpowe: er Commission. _ This roster ultimately contained the names ~ 
of 3,559 sanitary ¢ engineers in the United States, of whom 1,503 were —_— 
-missioned officers in the Army, Navy, and Public Health Service, and 799 
"were classified as essential for the protection of civilian | public health. 
_ Iti is obvious that this reservoir of ‘professional | men is wholly inadequate — 
to supply the demands of the postws ar r period. | Some of them ‘are aging ion 


perhaps many of them do not i In fa ct warr ant sanitary engineer’s classification. 


chia PREWAR STATUS OF (SANITARY ENGINEERING TRAINING | 


the time of the last survey of undergraduate sanitary - 
cdnention | in the United States, made by . Arthur P. Miller, M. ASCE, of the 
US. Public Health Service in | 1938,! the number of graduates from the various — 
curricula and options in thirty-one institutions was 105 per year. . Asis true of 

all classes of engineering graduates, a considerable of 
sanitary engineering have not pursued that profession. . On the other hand, 

in the past many able men who did not specialize in sanitary ‘engineering 


ond Norr.—Please forward all comments on this report directly to Chairman ane are ion M. Fair, Harva ore 
Graduate School of Eng., Pierce Hall, Cambridge 38, Mass. 


' Public Health Reporte, Vol. 54, No. 2, January 13, 1939, pp. 29 35. —_ oe — 
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“during their undergraduate years have e entered the field and by self -educ cation 
and experience e have become highly proficient. 3a During W orld War II, because 
of the man-power demands of the armed services: and industry, the training - of 
sanitary engineers on both the undergraduate | 
ceased. As a result there exists at present a ives -year ‘deficien ney in is thins shed 
rate of production of sanitary engineers. 
-- With the expanding frontiers of engineering a and the great deve 
the contributory sciences, ‘it is necessary to ade d more e and more basic s 
to the undergraduate engineering curriculum. a With the realization that the 
engineer is a member of society and must co ope with the manifol d social, 
economic, and political problems of the modern world—that he should be a_ 
_ reasonably w ell-educated and cultured person—the desirability of broadening : 
base developed. As an inevitable result, the required program of the 
undergraduate engineer is bursting» the bonds of the traditional | four-year 
> curriculum. - longer time i is needed for a mastery y of ev en the fundamental 
engineering sciences and other indispensable subjects, x 
th the present situation there is simply not time for the nee of 
a basie training plus proficiency in a ‘specialized field of engineering. Either 
the: fundamental education of the engineer is neglected or his specialized 
‘training is crowded out. In no branch of the profession i is this more evident 
4 than in the case of the sanitary engineer, whose proper training is derived — 
from many and varied sources. Two alternatives exist for the relief of this’ 
condition: (a) Expansion of the: conventional four-year underg! raduate 


(6) dependence upon graduate i instruction in 


edueation seems offer the most satisfactory pr woviding compe- 
tence coupled with a high. degree « of professional proficiency; and the committee — 
looks with concern on attempts to maintain or develop undergraduate progr 


in sanitary engineering or in public health engineering. 


As are a result ¢ of W Vorld War Il, ‘the training of sanitary engineers was reduced 
almost to the vanishing point, to add thereby to the accumulated deficiency 
in this class of personnel, and to create a greater need for the service. ~ On the 
other hand, many ‘good men of the armed forces, during service in the far 
corners of the « earth, have observed the miracles of sanitation and become 
interested in it as a lifework. Since the end of the war, educational institutions 
have received many inquiries arom men w ho want to uocwnie sanitary engineers. 
The guidance materials prepared by the American Public Health Assoc iation 
and the War Manpower Commission and circulated to troops in the field wey 
to separation centers have been most helpful in stimulating interest in the 


‘Unfortunately, many veterans seem to have the impression that there is a 
short cut to a sanitary engineering degree. Some m men with no o engineering 
background, and often without any college training, believe they ey should be 


to qualify” after a a training. 
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Although ‘iti is the practice of all institutions to make e every. reasonable conce 
sion to- veterans and to give liberal credit for educational work done in service | 
schools, a certain irreducible | program of required courses must be maintained — 
‘if professional standards are to be preserved and competent service provided. — _ 


“ is doubtful whether - many substitutions can be made for the traditional — 


courses in a sanitary engineering student’s curriculum. | = 
The G.I. Bill of Rights promises to provide a great impetus to sanitary 
~ engineering enrolments. Great numbers , of veterans are | entering colleges and 

universities. Although the majority may seek other and shorter programs of 
: training, it pce that considerable numbers will follow sanitary engineering. 
Some of these | men who are zealous to serve mankind in public health agencies” 
are becoming » discouraged when they take a realistic view of the low ceilings 


of income and professional oppor tunity w which quite generally prevail in this” 


 ifield. Others take a more optimistic view of their professional future and | plan 
— to enter branches of the profession which give better promise of rew vard, or to. 
use public health positions as stepping stones to better things. 
The institutions which offer sanitary engineering instruction a greater 
ther capacity for students than | has heretofore been utilised. 1 In the postwar years 
‘it seems likely that this ¢ apacity ‘ms ay be satisfied. | _ However, in the interest of 


= 
=> 


ized 

a adv ancing: the standards oft the profession to meet the demands of t the modern > 

— world, it would appear desirable that institutions re- examine their offerings to 

this ‘determine their adequacy. 

curr] Orrorrunities 1x Consu LTING ENGINEERING A AND EQuipME 

ait ° Current 1 trends indicate that the amount of construction on of water works and > 


Wage works in the coming years will greatly exceed prewar volumes. There: 


«iil are two reasons for this: (1) Improvements which have been needed for many 
ened - years were deferred before World War II because of lack of funds and during 
ae — the war because of priorities for strictly war purposes; and (2) legislation | has 
: “heen enae enacted and will be enacted in the near future | w hich will force the co 

struction of of sewage treatment and industrial waste treatment t plants a as part 
strong movement for reducing the pollution of streams. 
luced = For many generations the design of w water works and sewage works in the 7 
— | t United States has been in the hands of men with civil engineering training. = 
n the Most consulting civil engineering firms in the past have had varied practices, 
ie far including highway work, bridge work, water power projects, and ‘Municipal — 
come | ee paving, storm drains, water works, and sewage re works. 
tions Relatively few consulting firms employed Specialists in the field o! of f sanitary 
nie a engineering. 2 During the past two decades, much of the engineering work in- 
iation Volved in ed in highways, bridges, water power, municipal paving, and sewers has been — 


taken ove ov er by salaried public employees. rene not been s 80 
in the 


ment, sewage treatment, and waste treatment plants of the highly 
Specialized nature of such w Thus, the trend has been to increase the 
proportion of sanitary engineering work required of consulting engineers. Many 
firms which formerly did little or ‘no Ww ‘ater treatment and sew age tr eatment 
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Lining: 


science | ‘art of water treatment and waste treatment from a 


as been accustomed to 
thinking of problems ir in of whereas what is needed 


s primarily process design. Men with sanitary engineering training are 


po se to fill this need. It is expected in the near future that most of the con- 


sulting engineering firms operating in this field will fin find it necessary to employ” 


full-time sanitary engineers or to engage the services of consulting : sanitary 
=) 
In the water works" field, problems | relating to corrosion, taste and odor 


‘control, hardness, and disinfection require ‘a solid of training in 
chemistry and biology. the field of sewage treatment, ‘the development of 


al 


along with municipal sewage and for the treatment and satisfactory disposal 
4 sludge a and other by- products require a similar | background of tr aining. In 

both these fields, training in hydraulies and fluid mechanics bey ond that giv en 
to the average civil engineer is essential. — Since one of the p pur poses of sanitary 
_ engineering training is to fit men for the solution of ' these specific problems, 


‘iti is inevitable that there will be an increase in demand for sanitar y engineers 


_ Many of the outst anding developments ir in the > design of equipment for water 


iment and sewage treatment have been made by equipment manufacturers: 
during the past two decades. The manufacturers principally. responsible for 
these developments h have made full use of the services of chemists, chemical e 
7 neers, mechanical engineers, electrical engineers, and sanitary engineers. s. Of 
these various specialists, the sanitary engineer has been found to have the broad- 


- est grasp of the problems to be’solved, and thus he finds himself in a position of 


increased responsibility. _ There will undoubtedly be more rapid ac advances in 

_ the development of processes a and equipment by such companies in the future; 
and, because of competition in this. field, companies which previously have been | 
backward in research and development will find it essential to become more 
active. ‘The services of competent sanitary engineers w ill be needed not only — 
for research and development. w« ork, but for sales and contacts with ‘clients 
and consulting engineers. ‘The sales engineer in this field must be more than 
a mere salesman, since he is frequently required to assist in the development of 
a treatment “process 01 or of a piece of equipment required for treatment. yt 
— Becanse of the fact that most civil engineering firms that have practiced i in 


7 field of water and sewage ‘treatment in the pest have / thought i in n terms of 


by the equipment companies. “The public looks to the con 
sulting engineer | as” a recognized expert in ‘the field of water treatment and 


‘sewage t treatment. If he i is to ‘maintain this position in the future, he must 


endeavor to recapture the business of | process design. from the ‘equipment 
“companies. 


"satisfactory p processes for the treatment of 1 numerous types of industrial wastes § 
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. SANITARY ENGINEER 

in PORTUNITIES IN THE Unirep Srares Pustic HEALTH SERVICE AND OTHER 
cal fEDERAL SERVICES OBTAINING PERSONNEL THROUGH Ir 

de- - The number of sanitary engineers that may be required by the U.S. Public. 


to Health Service and associ iated federal agencies: will depend on the e scope c of the 
ded ff future federal function in matters relating. to sanitation. The function is not 
are static and depends on the expressed will of Congress. 
:on- a President Harry Ss. Truman, in his 1 message to Congress on Nov ember 
dloy 1945 5, presented ‘a compr hensive e analysis of national public health objectiv 
tary ff and for ‘the | first | time voiced administrative support for for a coordinated nation: L 

ié) 
health program. . Although this message related more to the ‘medical than to 
odor fF the sanitation phases of suc h a program, there were several bills pending when — 
g in| Congrose adjourned that would greatly extend the e engineering y activities of the 
itof — U.S. Public Health Service—at least in matters of stream sanitation. regnuPte 

tes : There is every reason to believe that, following the recent hearings on a 7 
wel ‘number of bills, some form of stream sanitation legislation w ill be favorably 
In _ reported by the Rivers and Harbors Committee of the House of Representa-_ 
iven All these bills. provide added « engineering responsibility for ‘the U. S. 


ems Th any reorganization of nonmilitary engineering functions of ‘federal 
agencies, it might be desirable to anticipate a possible —o of some sanitary — 


neers 

_ engineering functions and responsibilities to the U. S. Public Health Service 

re _as the logical coordinator in all matters dorneae to A he fune tions of the federal => 

government in the field of public health. 

OPPORTUNITIES IN STATE Heaurn Services 


To obtain a numerical estimate of the opportunities for sanitary engineers - 


. Of 
in in ‘State e and local services, the following so’ sources of information w were 
road- 
ces in 3 War] ar -Manpower Commission; 
2. S. Public Health Service; Pe. 
been “L Health Units for the Na tion” and av 
more “4. Returns from state sanitary to a aire of the com- 

oe The War Manpow er Commission totals are much more limited i in coverage — 7 

e tha ¢ than other sources contacted. _ The information is quite complete. ‘and specific, 7 
The data of the U. 8. Public Health Service are not broken down to show 
rms 0! “the. needs of state organizations and local units, respectively. The report: 


design ‘States that Bxaernnaed have been rec eived from 38 states and 930 local health 


nt and _ 2“Number of Vacancies for Full-Time Public Health Personnel in State and Local Health Depart- a 
e must July, 1945,” Public Health Reports, October 19,1945. 
Wa potter from J. J. Bloomfield, Industrial ‘Hygiene Div., U.S. Public Health Service 

J 


¥. Health Units for the N Jation,” 


— 

g 

— 

a 
a 

a 


a) 
merson report* deals” wth local services only ‘therefore 
sfiers no basis for estimating the needs of the central organizations for engineers. _ 


‘Since | the recommendation for the employment of additional engineers is b: ased 


on the consummation of the committee’s recommendation for the organization of | 


— local 1 health units to ser ve the entire United States, it cannot be expected that | 
- the recommendation of 1 ,019 additional « engineers for local health organizations: 


to the ment engineers in services an “heretofore 
| 
existed. As study of the pattern recommended by the committee progresses 
and measures mi teri alize for its ; implement: ation, ‘the demand for engineers in 


The data obtained direct from the | state sanitary “engineers were secured | 


through a questionnaire survey. Question: aire returns w ere rec eived from. 46 
of the 48 44 of whom submitted data, and from the 2 territories. 


tacked. is given in Table 


TABLE — ON OPPORTUNITIES BY Frevp or EMPLOYMENT 


D t M 3k 


Local Health Departments: 
County or district 


public health 


_ City Sanitary Utilities: 


wage 
Supplied by Bloomfield, based on a surv rey conduct ed 


It. will noted that the combined total for the committee’s “survey 


_ considerably, larger for state and 1 local health | departments than the ‘result 
shown by the U. Health Service survey. Although there : are certain 


; inaccuracies in the committee’s total, it is believed to be fairly reliable. There 


is some 2 as t the number of openings listed which may be reserved 


for ré returning veterans. However, for the most “part the openings reported 
seem to be in excess of for In any Case, 

sooner or 
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: 


aia. to re reabsorb the vetera 


sed 

hat 
ons openings this field, “much wishful | thinking appears to be 
volved. is believed that this estimate fairly conservatively 
represents | need and wed an impetus to furthe achiev ement in the 
’ 


are even indications that industrial management, m: iy shortly seek sanitary 


lore utilities. Tt would seem hele how ever, assume that 10%. 

S808 | of the needs estimated might mi: teri: ulize i in the early postw: ur period as open-— 

sin ings. On this basis it is suggested that 50% be used in the ov ver-all estimate. a 
"a OL ooking further | to related fields, pees al health : agencies are showing a a 

wed Bs in sanitary engineers through a keener apprecis iation of water r supply 

1 46 distribution problems, ‘sanitary control of food service, and so forth. | Ther . 

4 


engineers” to s supplement. existing industrial health services. 


a. As indicated in the data reviewed, local health service is a mi ujor source of © 

demand and with proper policy “guidance “tay develop an even far greater 
dems and for sanitary engineering “Services. Whether the final trend in local 
services will be up or down with respect to the employment of sanitary engineers. 7 
will be very materially influenced by the capacity that engineers in ‘positions 
to influence administrative policy « exhibit for analy tical thinking and aggressive : 

action. The future trend in the employment of sanitary engineers in local 


health services will be gov erned by the kind of solutions engineers offer for 


Littee 


ey 


71 the problems presented. 

99 OPPORTUNITIES FOR SANITARY If NGINEERS IN THE Unrrep States ARMY 


During World W ar Il, the principal employers ers of sanitary engineers were 


‘the Sanitary Corps anil the Corps of E sngineers. There were approximately 
1,000 sanitary engineers in the Sanitary Corps and an undetermined but 
considerably smaller in the Corps of Engineers. There were also 
53 
an sanitary engineers in various other arms and services of the U. S. “Army, but 
these men were only rarely engaged in sanitary engineering work. 


Both the Corps of Engineers and the Sanitary Corps are meeting with, 


some problems postwa ar of sanitary engineers. outlook is not 
good at the present ti time for any considerable employment of sanitary engineers, - 


but this situation may change ‘materially if there is univ versal military training 
pat or if there is “unification of the Army and Navy. 
certain The Corps of Engineers, as of December 1 15, 1945, had not formulated a 
“There - policy i inr regard | to educational and experience requirements for integration of 
“reserve or temporary officers into the regular corps. This decision was being 
served delayed until it could be determined how | many well- -qualified officers would 
ported. indicate a desire to ) remain in the regular army. dt was hoped that there — 


y case, 
ho will 
ho 
sitions 


would be « enough to pern rmit establishment of a standard of four. years of college, — 
¥ an engineering degree, and at least: three years of experience. . The large ss 
mumber 0 of officers commissioned through ¢ officer candidate schools, practically 


re 
TS. 7 

& 
1s 
: 


SANITARY ENGINEERS 


cases their ratings | are very good, may be difficult to. 


However, sanitary engineers who accept in the Corps of 


Engineers will be o on the same basis as other Corps of Engineers officers i in ae 


= will have to be able to perform. all the duties nor mally ‘falling | to the 
_ Corps of Engineers—such as troop assignments : and river and harbor work 

- a cannot expect to be engaged in sanitary engineering. Most of the ke 
in this field (sanitary engineering) will be on a civil service haste i in the Repairs. 
and Utilities Section in Washington, D. C., or in Service Command head- 

quarters, or in water plants and sewage as as operators. 


Based onan Ar of 450, 000, the Sanitary should require a 


the Medical Department to to eliminate the Corps. and to merge 
its technical personnel with ine nontechnical Medical Administrative and 
Pharmacy Corps into a Medical Service Corps.° The educational standards 

- proposed a are “a degree which will basically qualify for further training” in a 


specialty. here is no experience requirement. 


__The grouping of nontechnical a and technical ‘personnel into one corps, with 
_ highly indefinite educational requirements, seems to assure complete medi- 
ocrity, if it will work atall. Reliance is placed on the assignment of a Military 
Occupational Specialty (1 (MOS) number to separate the various categories of 
personnel. ‘Both prewar and wartime experiences have proved the impossi-_ 
bility of preventing local medical and commanding officers from changing 
at will. This has resulted in classifying men with inadequ: ite 
training in in chemistry, biology, and bacteriology aS sanitary engineers. 
In the proposed Medical Service be limited as com- 
_ pared to the ne Medical Corps. Also, b because there was no prew ar regular ar army 
Pe ‘ sanitary corps, there will be no sanitary engineers taken into the regular army 
above the rank of Major. Ald the higher-ranking officers of the corps will 
the: former Pharmacy Corps or Medical Administrative Corps officers. —Sani- 
tary ex engineering leadership by older and more experienced men will be lac king. 
=i _ ‘The original intention of the > Medical Department to limit nor mal promo- 
— tions in the Medic al Service Corps to the grade of Major was overruled by the 
_ War Department. To what degree the intent of the M Medical Department to 


Wis 


treat the Medical Service Corps as inferior personnel has been modified bya 


EARNEST Borer W A. H ARDENBERGH | 


“Proposed Army Medical Department Plan,” Bulletin the San y 
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DISCUSSIONS 


r TION OF ‘CONCRETE 
TO AL -KALI-AGGREGATE RE 


Discussion 
j 
R. F. BLA 


F. BLANKS, 2 H.S. MEISSNER, MEMBERS, Am. Soc. C. E. —Since 


the paper was w ritten, another dam, afflicted with expansion and accompanying Z 
ae has come under observation. _ Stew: art Mountain Dam was built in _ 
: 1929 : or on the Salt River i in Arizona, y with cement from two mills that 
later: supplied low-heat cement of high- alkali content (1.25% : and A 13% 
Na,O + K:0) for Parker Dam. . The same two mills also furnished cement 

- for the upper part of Coolidge Dam, built in 1927-1928 on the Gila River in : 

Arizona yore upper of w was described i in the paper as suffer- 


aggregate and high-alkali cement has been found. Mortar-bar expansion te tests 
been made with sand, taken from the river near the original 
q deposit, using the high- alkali and low-alkali cements of Fig. 7 7 After 18 18 months 

the s specimens ‘containing high-alkali cement show 0. 33% expansion, V W vhereas 

“those containing low-alkali c cement show only 0.02% expansion. id Further evi- 


“dence: of reaction is to be noted in Fig. 13, which shows gel oozing from a con-— 


crete core recently drilled from the structure, after the core had been stored in ; 


Stewart Mountain. Dam is mentioned because Mr. implies that 


ety 


or 1935 than i in w ork, he that pa of the trouble 
~ has occurred where “new types” of cement have been used. _ Of the several 


affected hydraulic structures discussed in the paper—American Falls Dam, 
~ Buek Dam, Coolidge Dam, and Owyhee Dam, together | with Stewart Mountain 


2 


~~ — —This paper by R. F. Blanks and H. S. Meissner was published in January, 1945, omedings iy 
Jiscussion on this paper has appeared in Proceedings, as follows: September, 1945, by Ralph R. Proctor, _ 
. Pawo D. Burris, H. A. Kammer, Thomas E. Stanton, R. W. Spencer, and W. L. Chadwick; December, 
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wie Received by the Secretary March 23, 1946. 


1945, by J.C. Witt; and January, 1946, by Duff A. Abrams. 
Engr 
: 655 


| ®Chf., Div. of Eng. and Geological Control and Research, Bureau of Reclamation, U. S. Dept. of the — 
ngr., Materials Laboratory, , Bureau of Reclamation, U. U. 8. Dept. . of the Interior, Denver, Co olo. 
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BLANKS: AND MEISSNER ON ALKALI-AGGREGATE REACTION Dise ussions 


~Dam—were all built prior to the period mentioned did not contain ‘new- 

Proctor advance es the theory that cements passing the Merriman tests 


(which are incorporated in cement specific ation: of the New York City (N. Y .) 


12. — DETERIORATION oF CONCRETE IN STEWART Mov NTAIN Daw 


oard of Water Supply— the sugar test, would 


10t have caused expansion in a concrete. . Results of the Merriman tests are avail- 
abl for the cements used in Parker Dam and, for convenience, these e have been 
listed i in Table 9, together with, the B.W.S. ‘specifies ation limits for the tests and 
the cement composition. No one of these ¢ cements meet the B.W ‘8. specifica- 
tions completely, although all meet the s sugar solubility test, which is considered 
the criterion of complete burning w _ Howe ever, the allowable composition range 
by B.W:S. is arrow— much more so than any range that 
_ has ever been used by the Bureau of Reclamation (U.S.B.R.). Mr. Proctor 
believes that the expansion trouble has appeared with the introduction of the 
new-type cements, but it should be apparent that few of the older cements 
wo ould h have passed these rigid spec ifications entirely. — a Therefore, it ¢ cannot be 
pr resumed that older cements have good service records because they are similar 


ralues of the ‘sugar solubility 


In response to Mr . Proctor’ s inquiry, the 
4 index for the cements used in the expansion tests shown in Fig. 7 are as fc sit 


Low 
They: ar e in the order that he evidently suspects. since the low alkali 
; to meet the B.WS. 


U 


hich expansion with the reactive 
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aggregates, on t the other hand, is an an accept ble product by the ‘sta andard ¢ of the 
sugar test. 2 Fig.7 7 and Table | 9 supply good evidence that a low s sugar solubility. 

tee low expansion, when the aggregates are reactive  . 


; Mr. Mis tor has suggested that some kind of carbon dioxide test be investi-_ 


oF 1a, 13.—GE OozING From Concrete C AT THE 2- Ix, 
AND 3-IN. MARKS OF THE RULER 
gated. Inasmuch as he tested eighty samples and found that only two coments 


showed reasonable resistance to carbon dioxide, it does not “appear that the | 


_ test i is discriminatory. _ The only | apparent connection between this test and 


TABLE 9.—Companrison oF MENTS Usep IN Parker Dam 


Cement Cement 


Desceiption — B.W.S. | Cement 


limitse 


ges: 

Silica 50 =| 26.6 


Magnesia (MgO) 
Sulturtrioxide 0s 3). 


hoe 


~ 


: 


: 
ot 


“Alkalinity 
‘Free alkali 


bee 

to mio on 
SOR: 


109 


* Limits specified by the New York, N. Y., Board of W ater + Seagly (B.W.S.); maximum except as indi-_ 
3 the present discussion is that a watertight cement should prevent migration of 
alkalies, as indicated by y absorption, isa function of sev eral 


Yariables, such as e grading, water-cement ratios, and curing—all large 


| 

ms 

sts 

Cement 

— 

1.55 

| 

— 


s opposed to the cement variable. Although it may be possible to ‘rate ceme ents 


in the laboratory by holding other variables constant, practically the results — 


would mean nothing because variability in field conditions would have so much 
Like Mr. Abrams, Mr. Proctor appears to assign ine cause of cracks in 
to drying shrinkage and has made estimates of the amount of over-all 
expansion ‘(that would have to take | place to ascribe the cracks to this cause) 
_ bys summing up the crack openings. . Fig. 1 was intended to | portray typical 
Sie e cracking. _ Admittedly, s shrinkage of the concrete surface, caused by 
irying, aids i in producing such cracks; however, it is not the underlying catse 
in the cases ; discussed. The photograph from which h Fig. 1 was made was re- 
touched slightly for reproduction, in order to reveal more clea arly the detail that ‘ho 
was intended to be show n, and Mr. Proctor was thus mislead i in attempting to valk 
val 
estimate the size of cracks shown and from them to postulate the accompanying ‘8a 
~ amount of over-all expansion. Messrs. Proctor and Abrams (and perhaps also ‘tra 
‘many other readers) are to be excused for diagnosing Figs. 1, 8, and 12 as = 
examples of cracking due to drying shrinkage. This Was also the i impression 
of many U.S.B.R. engineers on first viewing the crac ks at Parker Dam. Suel h 
8 pre explanation, however, does not fit the conditions, which include ¢ vie 
dence of increasing internal v ‘olume. Other conerete in the > vicinity | of the 
afflicted structrres does not suffer. from drying, and the concrete in question 
cannot be shown to possess any but ordinary sensibility to » drying: shrink: age. 5 


cracks exhibited in igs. i. 1, 8, und 12 are be ‘and are not filled with de- 


the mai hen alk appearances Of sot soundness, although the microscope will 
: Mr. Burris’ discussion calls attention to the methods employed by petrog- 
craphers i in identifying rocks and minerals. In this connection, his comments 
may be of interest to those not sufficiently familiar with the apparatus and tech- 
_ to comprehend, fully, the integration of the \ various procedures. — ~The 


inter pretations given in the paper ares supported by detailed petrogr able 
cs of this same nature conduc ‘ted in the U.S.B.R. laboratories in n Denver, Cc aad 


Ww with in Tel Ispars and cements—to expansion. ev en ina 
low-alkali cement but at a slower rate than in the ca se of a high- alkali 
4) Ins summarizing his conclusions he satin: further, 
b+ both cement and aggreg: ite must contain an excess of available free 
— alkalies to cause expansion and that when either cement or aggregate Is S| 
practically free of alkalies no serious difficulty has been encountered.” feet 
Tf it is correctly understood from these statements that Mr. Burris believ es that q 


rr 


react in deleterious manner with high- alkali cement; and, 
», that expansive reactions take place only when the aggregate con- 
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of specimens of highly reactive 
fected. E insions obtained for lab- 
oratory mortar bars fabricated with — 


high- -alkal ali cement and several types 


which | it is evident that hat the 

— 
more sodie plagioe lase feldspars do 
not expand significantly with high- 
alkali cement, although sev eral aggre- 
gates that do not contain more than oclase............. (0002 | 
Ing 0. 0.022 0.051 
traces of soda pexpand markedly. The 
data shown in Table 10 for a given | Novaculite.. 0.499 0.537 


aggregate represent the greatest 
pansion obtained with that aggregate 


when mixed with crushed pegmatite! 


ue ich 


Mr. 


Burris raises the question | as 


the microse ope when he 


determined by the petrogra her.” 


has been applied, there are 


quartz chaleedony 


three components. 


edge on this subject has 
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in and sodium hydroxide solutions, but found only opal and 


TABLE or EXPAN- 


“of aggregates s are shown in Table 10, Bars WITH 


series for each aggregate comprising sev en ony. 


some. of the / mineral constituents of fine- -grained roc *ks can be identified | with 
states: {| 
fel j 


ay “The structure of the thin section lof rock and ite texture of the individual 
minerals contained therein are usually ‘eg the first of the many properties: 


There are some minerals that canno’ ‘be determined uniquely with the micro-— 
scope, and under these | cireumstances it it is often 1 necessary to ‘resort to micro-— 
chemical tests and other means of identification. | 
of this kind most rock-forming minerals 
petrographer; but, after a mineral name such as‘ ‘lussatite” ” or even “chaleedony” a 
still n numeér ous, questions that remain unanswered. 
Chaleedony “produces san 2 X-r: ay diffraction pattern virtually indistinguishable 
from ‘that of quartz; z; but there are differences. ine the “optical “properties 
ot quartz since | these e 
ently as ‘concrete aggregates. Some inv estigators have concluded that chale e- 
dony probably is not a single- phase system 
) _ ‘Ith is probable th: at some of these fundamental questions: 
concer ning silica minerals will not be further resolved with the n microscope but - 
will require. X- -ray or electron diffraction fo for ultimate res resolution. | 
-ome sufficieé ntly complete to indicate what is present — 
in some of these so- called minerals, it may be possible to decide what is reacting 
with the cement alkalies, and thus to explain why ‘some cherts are reactive 
whereas others a are not deleteriously reactive. -Petrographers have progr essed 
in discov ering many of the constituents of rocks that are capable of interaction — 
with cement alkalies, but this work is not finished. 


'% Numerals in parentheses, thus: (4e), refer to corresponding items in the Bibliography (see Appendix -. 
paper), and at the end of discussion in this i 


siliceous n magnesian limestone to be af- 
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BLANKS» AND MBISSNE R ALKA LI-AG IGREGATE RE ACTION Discussions 


In his discussion concerning ‘‘popouts”’ such as that shown in Fig. 11, Mr. 
Burris appears to conclude that where such “popouts” are not observed on the 


surface of expanding concrete, particularly as at Par ker Dam, the expansion 


might be attributed to reaction within the cement. He further suggests: 
eo * * that the possibility of opaline silica from the limestone remaining 


in the cement, because of too low kiln temperatures, and uniting with free 
alkalies remaining in the cement for the same reason, should be investigated 


7 eiien er er, data obtained i in the U.S B. R. laboratories indicate that neat ceme ement 

~ ars fabricated with high-alkali cement, particularly the ones used at Parker 

‘Dam and the one used in the tests of Fig. 7 7, usually do not expand | and that 

exceptional cases where. expansion n did occur can p probably be accounted for 

ins terms of other charac teristics of the cement. 

at Mr. Burris discusses Parker andesites briefly and. alludes to the feldspars 
being too sodic for these rocks to be classified as andesites. | However, Mr. 
Burris apparently noticed also that the sce hat altered by 
hy drothermal processes because he comments the at one: of the alteration products. 

is calcium carbonate. He does not state just what. term he would apply to 


these rocks ¢ containing ‘* ‘* * * albite and * ee oligoclase as the prevailing 


ssl but presumably. he is. aware of the hydrothen ‘mal process called 


“albitization” in which more ealcie » feldspars 2 are altered to more sodic varieties. 


‘Thus, it is probable that Mr. Burris would speak of these as ‘ “albitized ane 
desites,” although the additional adjective contributes comparatively little 
to the general scope of baeveh problem inasmuch as andesites- do not have to be 
albitized to be re: active. Actually, some of the andesites are only insignific antly” 
altered whereas others are greatly | altered; some are weathered and others - 
comparatively unwe eathered. / Many inter mediate and acid types are present 
in addition to andesites, including rhyolites, dacites, and trachytes, and these 


_ show various amounts of hydrother mal alteration and weathering. | — 


Mr. Burris uses several adjectiv es W hose not entirely seli- 


4 evident. fer and “pure silica.” 
The * “free ee” chemic al oxides means ancombined 
_ with other oxides present, but probably Mr. Burris does not believe that the 
7 alkalies of cement clinker are largely i in the uncombined state—most inv a 


es do not concur in such an opinion. — Howe ever, it is apparent. that such 


alkalies are readily released by hydration and hydrolysis when the cement is 
“wetted “Hx. ‘Pure silica” apparently refers to some fort silica other ‘than opa 


Also, understand Ww why Mr. Burris ‘diseusses a contact - 

rock, such as one containing -wollastonite, ina manner implying 
relationship to the siliceous limestones mentioned by the writers. There i is nO - 


relationship; the term siliceous limestones was not intended to include marbles 
or contact metamorphic rocks and there is nothing inherent in the connotation — 
of this term to suggest including these rocks. | Mr. Burris is perfectly ‘correct, 
however, in : stating that , the siliceous limestones tc to be avoided ar are those that 
- a contain silica derived from organic matter such as Radiolaria and diatoms wh Ww hich 
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are detected, by wnat aid of ‘the pol: arizing microscope, to be noncrystalline or 


The of Messrs. Kz ummer, Stanton, Spencer, and C ‘hadwick sup- 


ion 
: ply valuable additional information which ‘should aid toward a better under- 
” standing of this* type of deterioration in concrete. These in inv — have 
—— srovided factual data and ‘useful information from their experiences. 
free. 
r 
ted Mr. Stanton adds to the list of niaterials reactive with high-alkali cement 
a and sti ites that, of the ae tive andesites, all have a glassy groundmass as a com- 
mon: characteristic. The increased activity observed in synthetic andesitic 
glass when it is artificially weathered is of great Interest becaus ause so many of 
“e! the suspect andesites “possess unmistakable s signs of preconcrete e alteration. 
or 
Gir, 
| 80% GRAND COULEE SAND 
pars | tecenn | 
Mr. 3 0:10 High Alkali Cement Alone 
d by s 20% Pumicite as Admixture 
| (a) SAND USED Gement | 
y 0.06 PARKER DAM CONCRETE 
iling 
alled 


1 


little § 
tobe 48 
ye watt G SFFECT OF on Expansion 
esent Since Ky resno pumicite | was used if Friant Dam, and there previously has 
va een assurance that such use affordeil protection age ainst: expansion 1 from the 
aie reac tive aggregate in this dam, the data i in Table 6 are distur bing. . How ever, 
in previous work Mr. Sti inton, and J. Porter, M. Am. Soe. C. E.. 


Lica.” Meder, and Allen 
bined 


vicol (8a) hi ave shown pumicite (not necessarily res 
pumicite) to be almost as effective : as Monterey shale i in reducing expansiv e 


ut the reaction. Another statement by Mr.:Stanton (4f) is also comforting: | 

such addition of a puzzolanic: material seems to be effective, 25% 


om is ee substituted for an equivalent weight of high-alkali cement reduc ‘ed 
the exps a negligible : at es sriods 

halite. The « expansion of mortar bars made with two types of reactive aggregates 


meta-— Fig. 14) was reduced to an insignificant amount when 20% of Fresno 
ying 4 _ cite, by weight of cement, was ei either: added to the mix or used as a cement 
e is replacement. Mortar bars : in. by 4 in. by made with ‘reactive 


xarbles “Aggregate a and cement (mix, :3) containing 1.44% of total alkalies (Na,O + 
station 0.658 K.0 = 1.21%). They were cu ed in ses containers in the presence 
se that 4 Concrete c cores taken from. Friant. ‘Dam show no evidence of gel formation 
s which W vhere pumic 


ite was used in the mix, _ although some slight amount of gel was - 
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— 
d 
| 
4 
— 
= 


found i in cores containing high-a cement alone. There is substantial « ev a 
dence, therefore, | that Fresno pumicite h has has aided in preventing expansion in } I 
Friant Dam, where an aggregate now known to be reactive was used. ee 7 st 
- = Mr. Witt makes it clear that he has not been convinced, by the paper o 7 
of the (8b) on the subject, that concrete “can ir 
: because alkalies in the cement react with some aggregates. . Many cement | ; al 
= manufacturers, “howe ever, do not ‘this skepticism; a con 
foo 
cemen t 
hen matter are cases in w which -alkali should 
be used, and the problem of making it economically is therefore of con- ‘th 
siderable i importance.” 6 ye 


ease where react tive aggregates were used with low- alkali cement 
in contrast to the failures noted with cement of high-alkali content. There are 

‘a growing number of cement consumers who have been convinced of the neces- 

_ sity for controlling the alkali content of cement and who are demanding that 
it be limited when | aggregates known or suspected of activity must be used, 
Also Mr. Witt’s w ords), ‘Serious, although far less the 


between application and research accomplishments.” 
_ Mr. Abrams presents one major theme—that the cracking i in Parker Dam is 


‘ “ due to the cause ascribed by the w riters but to the extreme temperature : 
and drying conditions at the site, coupled with defective technique. > He main- i 
si tains that (conclusion (2)) “* * * the authors did hot avail themselves of 
evidence that contradicts the hypothesis of the alkali-aggregate reaction’; and T 
(conclusion “The photographs that were given to illustrate expaniv fo 
cracking of dams ‘clearly show cracks to be due to contraction of concrete.” ‘th 
_ The possibility r of extreme drying conditions being responsible for the cracking ok 
was once ‘explored and found untenable under most of the evidence. The . 


_ writers will not deny that the climate at Parker Dam is hot and dry; but official 
data of the U. 8. Weather Bureau show that, although ¢ extremely low humidities 
> are frequently encountered in this region, the average relative humidity is far : 


~ from the low values that readers might infer from Mr. Abrams’ discussion. 


For instance, the : average relative humidity recorded at. Yuma, Ariz. (the 
closest station to Parker Dam where such records are kept), over the period TT 


‘from 1940 to 1945 is 44%. Whereas Mr. - Abrams infers t that no rain might fall “st 
at Parker Dam in a ten-year period, , the average yearly y precipitation i is about as 
5.5 in.—only 0.5 in. less than at Boulder D Dam. Whereas Mr. Abrams quotes: (ga 
‘shade temperatures of 125° F, the mean annual temperature at Parker, Aris, wi 
‘is about 71° F, which is not greatly different from that at Boulder Dam. ge us 
Regardless of how severe the climate may or may not be, drying is not M 


responsible for the cracks in Parker Dam. - Two pumping p plants, built by the mi 
p 
Metropolitan Water District coincidently with Parker Dam and in the same ne 


- vicinity, have not developed these cracks, although they have been subjectto Bs 
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the rigors described by Mr. Abratns— —neither has the powerhouse at Parker, 

‘Dam. Abundant evidence the that the concrete in Parker Dam is expanding is pre- - 

sented in ‘the paper. More » such « evidence has been presented elsewhere (5) (6). 

Another important point is that, although the aggregates used in the pump- 

ing plants and powerhouse have beén proved reactive when used with high- 

alkali cement, they | did not cause expansion in those structures because they 


con- ere built with low-alkali cement. in contrast, Gene Wash and Copper Basin 
sates: dams, built during the same e period as Parker Sen with the identical aggregate 
nad e and high-alkali cement, ¢ are | expanding and have ‘suffered similarly to Parker 
i Dam. Mr. Abrams further attributes the cracking at Parker Dam to (a) the 
r use of large (4-yd) mixers and (0b) ani inordinately long mixing time of 23 min. 

— The concrete for Copper Basin Dam was ‘mixed for 13 min in a 2-yd mixer and 
con- that for Gene Wash Dam was mixed for the same period in a 1-yd mixer and — 
yet, both dams have developed irrefutable expansive cracking. Except for 
— the size of batches, the concrete was identical in the three | dams; the materials: 
iders were all batched in the same plant. re 
Mr. . Abrams states that the U.S.B.R. ‘requirements for « curing Parker Dam 
ne concrete were (A) inadequate for the “blistering desert” conditions and (B) 
owe G poorly enforced. «ti is left to the ré rea der to decide if three weeks of continuous a 
hed sprinkling or spraying with water is’ not as ‘much as has been demanded for | 7 
used. 7 the curing of concrete in any region. +e At least, it is one w eek more than was % 
. the given the concrete in the pumping plants just referred to, which did not crack 
| under the “blistering ‘desert’’ conditions. Abrams i ns is incorrec rect in stating: 
ature | Khe conc rete se sections of the dam cured 
aii, by ‘continuous sprinkling, or spraying,’ but by three coats of a serie 

‘ curing compound that was poorly adapted to the conditions.” 
and he fact is that all exposed concrete: on the dam itself was thoroughly cured 

ai for three weeks as directed. The curing compound mentioned was applied to 


inside surfaces of the hollow in which a Ww rould 


Mr. Abrams states also that: 


idities ‘a better grading of ager egated, anda of 


is far mixer grinding, the mixing water; in a cubic yard of concrete could have 


assion. been reduced from 250 lb to 175 Ih. Surface cracking 

“(the due to too much mixing w vater * 

wails x he writers know of no mass concrete, with maximum size of aggregate re- 

rht fall . stricted to 6 in., which could be made satisfactory and workable with as — ‘ 

about - as 175 Ib of water. The conerete-making properties of the Parker I Dam aggre- 

quotes — gates were thoroughly investigated with trial mixes of various gradings, and y 

Aris... with no combination could a water content approaching 175 lb per cu yd 7 

be ge 0 proc uce a a satisfactory mix, ¢ven in a small mixer. | Again, however, 

is not “Mr. Abrams’ argument that “crackin ig at Parker | Dam was due to too much 

by the -nixing water’ fails when attention i is directed to the perfect concrete in the — 

= MY 

e 89 near- “by Gene ba ash and Intake | pumping | g plants wi which contained 100 lb more 
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BLANES AND MEISSNER ON ALKALI- -~AGGREGATE REACTIO Discussions 


Abrams, who his « comment reference to his previous 
_ of a paper by S. P. Wing, M. Am. Soc. C. E., Vv alens Jones, and R. E. Kennedy, 
M. Am. Soc. C.E. (26). _ Those who are interested i int the details of this s subject 


should ‘also read the authors’ reply to the discussion (26a). — To describe a 
mixer as an “ideal” machine, ‘Mr. Abrams does, is. certainly | 


“a In referring to Fig. 10, ‘Mr. Abrams states, a 


that the ‘concrete temperature’ curve * * * does not 
_ represent the interior of the dam; the dam temperature could not possibly 
show seasonal variations of 40°F 
The temperatures shown are in fact the averages at the bottom of the 12-in,, 
: -30-in. , 60-in., and 120-in. holes, and it was expected tha ut the reader would so re- 
gard them. In spite of the foregoing statement, the concrete does show w se: usonal 
: Variations of more than 80° F ata depth of 10 ft below the roadway. _ Mr. 
- Abrams hasa attempted to relate the expansion reported by the writers | to volume 
. "change that would accompany “unconsidered temperature rise, as a ‘Tesult of 
; ‘continuing hydration of cement.” He visualizes: “* * * the g: ites, ‘the gate- 
- operating structure, and the roadway bridges in a gigantic vise where they 
. crushed like eggshells.” ” To some extent he was” led to this distorted 
picture by the statements concerning ‘ “binding of gates” ’ which “the - authors 
"mention three times. a Nevertheless, ‘nothing was written in the paper to. 
. suggest that the gates at Parker Dam were binding. — The gates at Coolidge 
Dam were binding, | as stated by the writers, and data were cited in in the paper 


to support the statements. The conditions necessitated 


After going through some calculations which appear highly to 


the Ww riters, Mr. Abrams comes to o the conclusion that by 1942 the internal 
‘temperature « of Parker Dam had risen some 120° y.. Similar assertions were — 


made concerning Boulder Dam (28) which have refuted by 

_ showing that no temperatures faintly approximating that value are to be found 
_ 4 in the dam. As requested, the writers report the temperature in the middle | 

Parker Tee? 50 ft below tailwater, at 315, to be 65° F minimum and 
' 69. 8° F maximum as of 1944. _ In the the abutment at middepth of the gate open 

’ 7- ing, , during 1943, the temperature was was 70.6° F minimum and 77. 6° F maximum. 
Mr. Abrams: refers to “inexpert and incomplete chemical 


coengeentiet tests,” foggy language,” and then proceeds as follows: 
“Many woods contain organic acids that readily attack compounds in 
4 and aggregates. Evidences of acid action would be destroyed by ex- 
posing the samples to a high temperature. The nature of the material ‘that 
nn was driven off in the ‘loss-at-ignition’ test (Table 1) was not disclosed; nor 
was the temperature given. _ These losses seem to represent free w ater, 
although it may have —_ carbon dioxide, water of crystallisation, alkalies, 
“The material that the authors. identified was probably 
formed in the crucible during the ‘loss-at-ignition’ test. Water glass 
oom only under the most favorable conditions and at a temperature hig 


enough to fuse alkalies and sil Silica; it certainly was not formed in this 
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: The paper states that the gels m may resemble ordinary water glass, not that 
they are ordinary water glass. — The paper clearly identifies the location of this" 
gel (Fig. 3) as being on the interior (broken) ‘surface of a . core—not on the 
outside surface in contact with sawdust. Certainly the gel did not form in 
the crucible. — +The remarks on the. formation of water glass, , therefore, are’ 
completely irrelevant as well as entirely 
erroneous. authoritative description 
of both wet and dry ‘methods for pro- 
silicate solutions from ‘silica: and 
alkalies has been p’ published by J. G. Vail oe 
(30). The production of sodic silicas 
does not necessarily depend on ‘the 
4 fusion | temperature of alkalies and ‘silica, 
can be achieved at temperatures 
= 100°C. Ina study of the quater- 
nary system soda-lime-silica-water at 25° 
_ C, George L. Kalousek k (31) reports gel » 
similar to those given in this 


‘paper. . He also reports” analyses: ses of 


Fa 1. TAKEN FROM THE Down- 
STREAM Face or CopPER Bass Dam 


‘presented, showing : a gel body recently 
picked nstream surface of 


To clarify this issue on Fig. 15 is 


on 


Magnesia, Mg... ‘ 


The s smallness of the ‘sample (0.6 g), made it impossible to. to separate the part 
_Tepresented in “loss on ignition” into its components, or to make further — 
analyses to determine constituents other than those listed. 
The relationship between the darap sawdust and the formation of a sodic - 
‘silica gel i is somew vhat ot obscure in Spite of Mr. Abrams’ allusion to organic acids 7 


and their attack on cements and ¢ aggregates. These g gels | can be, and have 


been, produced by the interaction between high-alkali- cements and reactive 


| Aggregates i in the laboratory by the U.S.B. R., the California State Division of 
Highways, the Public Roads Administration, ‘and by other reputable agencies. 


The formation of ‘these gels has nothing to do with sawdust or organic : — 
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D MEISSNER ON A ALKALI-AGGREGATE reaction Discussions 
"4 These gels | — been produced from aggregates used at Parker Dam in labora- 


be” bars and cylinders in the complete absence of sawdust. yelp wire | 


“Tf certain constituents of Parker sand were  attdlind by cement alkalies [| 
ony in the dam, why were they not long ago destroyed by the on alkalies i ” i 
illiams River water (a tributary to the Colorado River)" 


This question is not pertinent to the problem of th the paper. ~The water of the 


Bill Williams River ultimately | will destroy the sand eesti chemica | attack 
and, in a geologic era or two, , all the sand in the river bed will be completely 
destroyed by chemical weathering ‘processes—that is, if man can devise 
method of preventing its being carried a away y by the natural currents of the 


river. Simultaneously, the sand thus destroyed will be replaced sand 


The “alkalies” in the Bill Williams River water are | balanced chemically by 


such ions ‘as carbonates, chlorides, sulfates, etc. The water of the river is 
: saline although s slightly basic, in contradistinction to the solutions 


that exist in hydrating cement, which are strongly basic. Thus, the relation-— 
ship between the behavior ‘of the aggregates | in the river water and their be- 

havior in concrete does not seem m pertinent to the discussion. a 4 
Mr. Abrams disposes of alkali reaction at Parker Dam by a series of illogical — 

_ processes a and erroneous assumptions | but he disregards a large number of other 
structures that have : similarly suffered this type of disintegration, — He ques- 


tions the very © existence of alkali reaction when | he states, ‘ae er | 


* 


—_— years of ‘intensive investigation’ failed to identify a single rock 
type that reacted with high-alkali Portland cement. The hypothesis of 
7 er reaction has no basis except foggy language, unsupported ul 


= his sweeping statement is not in any way consistent with the nai.  Experi- 
ence gained from laboratory bars and from concrete structures indicate that 

- there are several rock types which have proved reactive with high-alkali cement. 
The writers have stated what some of these rock types are, and others have 7 
_ been: described by Messrs. Stanton, Kammer, Spencer, and Chadwick in their 
‘They writers feel that neither Mr. Abrams’ approach nor his deductions | give 
any material help i in solving the problem presented fo for ’ discussion in this paper. — 
Considerable. of his discussion involves trivial matter, , concerning which they are ~ 
- loath to burden the reader. As an example, exception is taken to the term 
= panne silica,” in which redundancy is recognized, but which has enjoyed use 
by well as by Mr. Burris in his discussion of 


> 
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Kammer, Civil Engineering, July, 1944, p. 280,00 
of Causes of Delayed Expansion of Concrete, in Buck 
_ Hydroelectric Plant,” by H. A. Kammer and R. W. Carlson, Proceedings, 


ions [| May, 1946 BLANKS AND MEISSNER ON ALKALI-AGGREGATE REACTION 667 
‘Expansion of Concrete Reaction Between Cement and Aggre- a 
gate,” by ‘Thomas E. Stanton, Transactions, Am. Soe. C. E., Vol. 107, 
1942, p. 54. (a) 82. (b) Fig. 4, 5, Pp. 84. @ p. 98. 


col 7 (5) “Concrete Deterioration at Parker Dam,” by R. _F. Blanks, Engineering = 
(6) “Cracking in Concrete Due to Expansive Reaction Between 

f the and ~High- -Alkali Cement as -Evidenced in Parker Dam,” 


Meissner, Proceedings, A. 37, 1941, p. 549. 
“California Experience with the Expansion of ‘Concrete Through Reaction 
Between Cement and Aggregate,” by y Thomas E. Stanton, O. J. Porter, 
* _C. Meder, and Allen Nicol, ibid., Vol. 38, 1942, p. 209. (a) Fig. 6, | 


| 


(26 ) Proceedings, A.S.T.M., Vol. 43, 1943, p. 1029. p. 1038, 


(28) “Discussion by Duff A. A .C.I., November (Supplement), 


(29) “Removing Alkalis by Heating wi with by ‘Hubert | Ww Voods, Rock 


Products, February, 1942, p.66.0 
(30) “Soluble Silicates i in Industry, i by J J. G. . Vail, ‘Monograph, Am. ‘Chemical 


Soe. , Chemical Catalog: Co. (Reinhold Pub. Corp.), N. Y., 

(31) “Studies of Portions of The Quatenary System Soda- Lime-Silica-Water 
at 25° C,” by George L. Kalousek, Research Paper No. 1590, Journal of 

Research, National Bureau of Standards, Vol. 32, 1944, p. 285. ao 

(2) “The Properties of Silica,” by R. B. “Sosman, Chemical Catalog Co. 
(Reinhold Pub. Corp.), New York, N. 1927, p. (795. 
“Treatise on Sedimentation,” by Twenhofel, Williams and 
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DISCUSSIONS 


SEDIMENTATION AND “THE DESIGN OF 


‘ens 


Tuomas R. Camp, 2 M. Am. Soc. C. E.%—To those who have found time 
he these busy days to ‘study and discuss the paper the writer wishes to 
"express his. appreciation. paper “was: ‘intended to ‘be a comprehensive 
4 treatise or ona , subject which has long been neglected, but because of space limita- 

tions some . important aspects of the subject had to be omitted and explanatory 
notes had tobe kept toa minimum. 
The writer and the profession are indebted to Mr. Stein for his careful 
Scientific analysis of the contents of the paper—particularly for indicating the 
6 error in Example 2 which was based on the writer’ 8 erroneous statement Tegard- 
™ the compacting of activated sludge. Based « on a much too hasty analysis 
of the experiments by ’ Messrs. Rudolfs and Lacy, the writer concluded that the 
rate of compacting i in terms of the ratio of the volumes occupied by the sludge 
blanket isa function of time only and is independent of the depth of the 
blanket. Mr. Stein has shown that this is not the case. He has demonstrated 
conclusively that the rate of compaction is also a function of the depth of the 
blanket. His e: experiments ; and analysis indicate that the absolute rate of 

. subsidence of the top of the sludge blanket is substantially independent of the 

depth. of the blanket. Thus, the ‘shallower depth of the blanket, the 

greater will be th 

_ This finding is very important b because it demonstrates 

the desirability of jew tanks for sludge compaction. | i The writer has shown 

that shallow tanks are both desirable and economical for free settling. Mr. 

Ay Stein indicates that this is also the case for sludge concentration. oe 
_ Mr. Perry suggests that the paper might | have been amplified to sev eral | 

times its present length and Professor Eliassen states that the paper lacks 4 


___ Nors.—This paper by Thomas R. Camp was published in April, 1945, Proceedings. — Discussion | o 

4 this paper has appeared in Proceedings, as follows: September, 1945, by Norval E. Anderson, and R. A 
Mulholland; November, 1945, by P. Charles Stein, and Lynn —e February, 1946, by E. E. . Sherman © Chase; 
and March, 1946, by Rolf Eliassen. 

Cons. Engr., Boston, Mass. 
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ON SETTLING TANKS 
concise summary. Mr. Anderson objects because 


abrupt. original manuscript on which this paper v was based was nearly 


three times the printed length 7 It contained an extensive development of of the 
theory of design of inlets and outlets as well as other important | details—all of 
which were omitted to hold the length of the paper within permissible limits. a 
In this manner, a full treatment of the subject of turbulence created by inlets _ 

(which Professor Eliassen believes to have been neglected) was omitted for _ 


lack of space, 


> 
Chase states 


_“* * * the design of practicable settling tanks will continue to be based 
upon judgment, experience, and common sense seasoned with a moderate 


~ amount of theoretical computations used as aids to judgment.” 


This attitude has undoubtedly been that of most of the designers of settling 
tanks for water and sewage treatment purposes and should be ‘sufficient to 
explain ‘to Mr. Anderson why multiple-tray settling tanks have had such 
limited acceptance. — Y; The moderate amount of theoretical computations which 
Mr. Chase suggests for seasoning the judgment has unfortunately been so 
moderate that it has been almost completely absent. Design has | consisted 
- almost wholly of conformity to previous practice in size and shape with little. 
ensive ~ regard for the principles involved or for the nature and settling | characteristics 


imita- oft the particles to be settled. 


3 


= 


a 


natory A tray- type settling tank was constructed at Springfield, Mo., as. mentioned 
by Professor Eliassen. A careful analysis of the removals effected in this plant 
vareful before and after the trays were introduced will reveal that the improvement — i 
ng the _ which § should be expected by such an increase in the settling area was actually © 
egard- | obtained. 8s Professor Eliassen’s criticism of the Springfield tray settling tanks — 
nalys sis J | deals with details of mechanical design rather than with the principles involved. — 

iat the ‘Obviously, if the > sewage contains entrained gas and scum, they will rise to the a 
roof of a tray; ‘and a ‘competent designer will ‘consider ekisamine in this type of 
of the tank just as it is customarily provided for in conventionally designed tanks. — 
trated Mr. Anderson suggests that the writer might have shown in what way his 
of the proposed design for ‘multiple-tray settling tanks may be more acceptable t than a een 
ate of those which have been patented and promoted for many years. The reason Jan 
of the why the proposed design should be more acceptable ‘than previously con- 4 
at, the structed tray-type tanks was carefully stated in the paper. _ Any tank that _ 
nes OC- j will produce the same removal as other tanks at less cost should be more ce 
strates ceptable. a All previously constructed multiple-tray tanks that have come to 
shown the writer’s attention have tray depths of about 2 ft and are , designed with ; Te 
. Mr such low velocities that the flow is unstable. The Springfield tanks, more- 
over, are of the radial-flow type with the high inlet velocities and 
several conditions which characterize all radial-flow tanks. The design 

- suggests only rectangular tanks and high velocity shallow trays. The writer 


- does 1 not propose, however, that. any such tank should be designed without 
~ experimental knowledge of the settling and flocculating characteristics of the 
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CAMP ON SETTLING 
Anderson states that the conclusions on the trends in 
settling tanks for the activated sludge process may be questioned on the basis 
of an extensive study of plant-size experiments and operating data. In “4 
port. of this statement Mr. Anderson submits the results of his ow own experi- 
. “ments. “ On the basis of these experiments, Mr. Anderson argues that ste 
vated sludge should be withdrawn from the inlet end of the final settling tank. 
a discussion of Mr. Anderson’ $ paper,™ Gould, M. Am. Soe. 
draws precisely the opposite conclusions: and from the same pri 
data- —that i is, Mr. Gould believes that activated sludge should be withdrawn ne 
from the outlet end of final settling tanks to counteract, partly, the effect of 
: ‘density currents. — The \ writer believes that Mr. Gould’s arguments are sound. 
- _ Mr. _ Anderson presents the results of experiments on a circular tank at 
Cc 


hicago, . in Ww which the sludg ge blanket was allowed to build t up to great depths, 


2 _ as evidence that density currents are not avoided by the use of shallow high 

velocity. final settling tanks. In this experiment the mixed liquor was intro- 
duced in a vertical flow pipe at the center of the tank ¢ and was discharged into 
the tank above the sludge | blanket. 7 The mixed liquor, being heavier than the 
supernatant liquor in the tank, must fall to the bottom of the supernatant — 
liquor and thus produce the density ommend which was observed. ed. A sh: allow 
high velocity tank is not in itself sufficient to 0 avoid dens nsity currents. > he 
inlet to the tank must be placed low enough, as indicated by Fig. ‘18(¢), so that 


the mixed liquor enters below the top of the sludge blanket. It must also. be 


8 


An examination of all the final braver tanks r referred to by Mr. Anderson 


_ which induces the velocity of the density current is equal to the height of the 
fall multiplied by the net specific gravity of the mixed liquor. The specific — 
gravity « of the mixed liquor is approximately 1 0005; and, since the specific 
"gravity of the supernatant i is substantially equal to ‘ghout’ 1. 0000, the net: spe- 
cific gravity is the difference, or 0. 0005. tg a fall « of 10 ft ft the peer’ 
velocity of a density ‘current is 34 ft per min. The actual velocity, of course, is. 
less because of the resistance to. fall by the ‘supernat 


of the of this fall may be made that velocity 


Mr. Anderson asks v why this so-called short-circuiting of fresh sludge shoul 1 
be avoided when one of the: most desirable features of a final settling tank i is nell 
té 

withdrawal of fresh return sludge "ie The withdrawal of fresh return sludge is a 
desirable feature, of course, but it is only one of many desirable features that 
the designer should ende: avor to secure. The tank should be so designed that 

‘all the sludge remains fresh and contains some dissolved oxygen. It shou 
= be : so designed that sludge is withdrawn only after it has received a a maxi 
mum amount of compaction SO as to: reduce the volume of sludge that must be 
"pumped. The sludge blanket after. compacting is not a “flocculent suspen 
42 ‘Design of Final Settling Tanks for Activated Sludge,” ty Norval E. Anderson, | Sewage W 
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ON SETTLING ‘TANKS 


other 
Anderson states that: 


he * * it aD appears s that ‘destruction of floc by e excessive e velocity gradients’ 


is not an important factor with aeration tank effluent. 


Iti is vel that certain types of floc such as those in water treatment 
plants, particularly color floc, are easily destroyed by moderately high velocity 
gradients. - The writer suspects that ; activated sludge flocs are much tougher 
and less easily destroyed, and it is reassuring to learn that the Sanitary District 
cof Chicago has made: tests whieh show practically 1 no change in settleability 


botha venturi meter and a considerable length of conduit and aerated channel. 
The results of these tests at Chicago, howe ever, should not be taken as an indica- 
tion t that all activated s sludge flocs are tough. — One e cause of bulking of f sludge 
in final settling tanks may be the destruction of floc at the inlet of such tanks. _ 
Since it is a comparatively sin simple matter to avoid any danger of destruction by 
‘designing the inlets as suggested in Fig. 18 erie _— valid 
Mr. Mulholland calls attention to the fact that the design of writ chambers 
is one of the weakest links in the entire p process of sewage treatment plant de- - 
sign. This is true not only c of sew age treatment plants serving small towns and - 


villages but also of the largest. plants because the principles involved have not 
been well understood by the designer, i 


Geometric. scale models for studying sedimentation are , not practicable be- 


d in 


rate cause the laws of hydraulic similitude require that all dimensions should be | 

ead ‘scaled. down proportionately, and obviously this is not practicable for the 
the particles to be settled . Geometric scale models are useful in studying hydrau- . 
cific lic short-circuiting because the flow patterns that are obtained in plant-scale 
cific tanks can be reproduced in the model. WwW hen a prototype suspension is sintro- 
spe- duced into a model settling tank, , the results obtained are not an indication « of 
ding the performance of the prc prototype settling tank as inferred by Mr. Mulholland. a 
e, is 7 - This statement s should not be interpreted, I however, as an argument, against the 
tant of pilot plants for sedimentation « experiments. A well- designed and w 
4 operated pilot plant should yield all the information the investigator needs re- 7 
ould | 7 garding the ; settling. and the flocculation of the suspension to be dealt with in a 
s the _ prototype plant. A pilot s ettling tank, however, is not a model tank in the _ 
isa true sense. 4 

| “In the case of raw in suspension are of such a hetero- 


‘ geneous and variable nature that no formula could possibly be devised of ' 


~ he eon developed in in the paper applies not only to Saas solids but to all 


liquid suspensions. fact, much of the basic theory applies to many other 
types of disperse systems such as solids in gas, liquid i in gas, liquid i in liquid, and — 
eas in liquid. It is obviously impossible to develop any man-made theory 
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ON SETTLING TANKS Discussions 


is complete correct in all respects. is. It is the duty of engineers, 
nevertheless, to endeavor to ) place their ‘analyses’ and designs on as rational a : 
basis as can be obtained. — If f sanitary engineers do not follow this philosophy 


generally, i in due time the business of designing treatment plants will be pe taken 


lant design have brought ‘about through the efforts of equipment m manu-— 
facturers and even now there is a tendency to look to manufacturers, rather 
than to consulting engineers, for expertservice, 
_ Professor Eliassen’s principal criticism seems to be that the writer did not 
go far enough i in his development. This is obviously true of any presentation 
of new theory or ‘or new experimental facts. One should not be condemned for 
starting the rationalization of f settling tank + design | on t the grounds t. that he has 
not presented a completed anc and -fully tested theory. The : responsibility. for 
progress belongs to the profession as a whole. 
Professor Eliassen : attempts to ) show that practicing engineers have taken 
into account the settling c characteristics of the suspension involved because they 
have employed overflow rates which are within the ranges used by the writer in| 
some of his examples. _ On the contrary, the ranges in overflow rates mentioned 


_ by the writer were taken from current practice and not from a any experimental 
- "measurements: of the settling characteristics of suspension. . These overflow 
-— were not epnmenanagies by the writer a8 s desirable, but were simply used in 


process s of of terms of velocity eld a 
recognised by the designing engineer so that he i is cognizant of the limitations 
ee of this ron of analysis. _ Surely the obligations of yo pint engineer | 


the velocity. produced by inlet turbulence and currents have 

been neglected. Both density currents and inlet turbulence may be reduced 
aad negligible proportions. In_ fact, the implications of the paper are that 

economical design makes: this mandatory. 7 Professor Eliassen’s Ss arguments 
based on @ a knowledge of settling tanks in use rather than ona 


> the shallow tanks i in which the drag on the 


several examples.”’ 


. natural corollary to this statement is that this type of tank should be used 
provided that it experimental tests 01 on the suspensions to be settled indicate that 
the ‘optimum velocity gradients are are within 1 the required range. There is plenty 
of evidence in the literature that the flow conditions are unstable in s short lo low 
velocity, deep tanks and that removal of suspended solids per unit volume 1¢ of a 
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Professor Eliassen, questioning the use of Froude’s law in 
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‘accordance with Reynolds’ law.” To be steletly © correct, 
geometric model studies should conform both to the Reynolds and Froude 
‘model laws. This is ; physically impossible, however, and the experimenter 
q _ must use the | law that yields flow ‘patterns i in the model which are most nearly 
= ne to the flow pa patterns in the prototype. _ Both e: experience and tests indi- 
that Froude’s law gives acceptable 1 results. | 

~ Model tests were ere made by the Department of Water Supply of the City of 
- etroit (Mich.) on short-circuiting in the settling tanks in the water works 
park filtration plant ¢ as s a preliminary to the design of guide vanes to reduce 
“round-the-end” baffled type, , and 
the change in direction of flow resulted in considerable short-circuiting and 
"reduced settling ‘efficiency. ‘model was ‘operating in accordance with 
‘Froude’ s law, and the re results = in the model were found to agree with > 
those. tained i in the pr prototype. 
a An experimental study was made at Massachusetts Institute of Technology 
at Cambr idge, Mass., in 1939 under the writer’s direction by William Christensen 


and Sylvester Mor abito Jun. Am. Soe. Cz E., to determine the applicability 


cubically-shaped mixing chambers operating with and without mechanical 
agitation by paddles. _ Two tanks, one four times the size of the other, were 
used in these experiments. The ‘experiments reveled that, within the limits 
of experimental accuracy, Froude’s law may be employed in model studies of a 

- the flow pattern i in cubically-shaped mixing chambers and that, when paddles 
are employed, Froude’s law also applies to the peripheral velocity of the 


paddles. . No similarity in flow patterns was observed when Reynolds’ law w 


Eliassen s states that the writer has placed too much emy emphasis on 
: short-circuiting as as a criterion of settling tank performance. He feels that, since 
removal is determined by overflow rates, short-circuiting should have no 7 
“marked effect. As commonly | defined, tate is the discharge p per unit 
of surface area of the tank. | For the purpose of this discussion, the definition | 
given by Mr. Stein is 3 preferable— -that i is, overflow rate is ; equal to the ratio of 
depth to detention time. § Since all the particles of of water do not have > the sa same 
‘detention time, they do not have the same overflow rate. In other words, 


- Short-circuiting affects the overflow rate in precisely the same 
does. the detention time. 


The literature is full of experimental evidence that short-circuiting impairs” 
the 1 removal in settling tanks. Nearly all the papers describing improvements sg 
made to inlets and the baffling of tanks reveal that the effect: of such i improve- 7 

‘ments was to increase the removal of suspended solids. These improvements 


have no effect on the ratio of discharge ‘to surface area. The » improvements in 

Temoval must therefore have been caused by reduced short-circuiting. tae 
_ Professor Eliassen states that tests made by himself indicate that settling — 

efficiency i is as great in circular tanks as in rectangular tanks despite th the fact 


_— that short-circuiting i is known to be worse in circular tanks. This is contrary — 


M % ‘*Model Studies of Short-Circuiting in Mixing Chambers,” by William Christensen and Sylvester 
4 heer a thesis presented to Massachusetts Institute of Technology at Cambridge, ae in 1939, in 


Darwial Partial fulfilment of the requirements for the degree of Bachelor of Science. —— 
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to the. ‘experience of others. Operating e experience on the 
tanks at Detroit, Minneapolis, Minn., and Elizabeth, N. J., show much better 
suspended solids removal than does ‘operating. experience on the radial- i 
b 3 ors In conclusion, the writer w ishes to | repeat for + emphasis the statement made 


in the “ Synopsis,” relative to sedimentation, as follows: 
of the 


“Despite aaa of the process, current understanding 

. ~ principles i involved has progressed so slightly that there is as yet no such 

3 thing in practice as the economic design of tanks from a functional view- 


The responsibility for the development ai the art of water treatment and sew age. 
treatment rests squarely with: the sanitary engineering profession since the 
7 
_ public considers the sanitary engineer as the legitimate expert i in this field. If 
he is to maintain this position he must participate in research and development. 
_ More participation i in the field of sedimentation research is badly needed. © 
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MOVING LOADS AND RESTRAINED BEAMS 


R. C. BRUMFIELD ra 


RC. ‘BRUMFIELD, M. Am. Soc. C. E. It will not be possible to com- 

ment in detail on all the questions raised in ‘discussion. § Some were asked by 
more than one discusser. — The writer w ill accordingly try to answer first those 


which are . frequently duplicated and then proceed to comment on the individual 
a At the start the writer wishes ‘to express his sincere appreciation for ‘the 
ro nany complimentary statements. — _ Compensation for the time and effort of 
de covets the Body) of material represented by the paper must of necessity be 


= to read that the p have been useful in 


; ow The writer was somewhat puzzled by the number of discussers who stressed 
terminology and nomenclature and by others Ww ho devoted their r comments to : 
ser 
the si subject of moment distribution. * Difference in view point may account for — " 


this insistence on discussing subjects which were considered only auxiliary” to 
the main purpose of the paper—the handling of moving loads on ‘restrained 
beams. Accordingly, it seems desirable to give a brief history of the dev yelop- 
‘ment of this material in the hope of somewhat clarifying the diversity of view- 


point. oN omenclature and moment distribution will then each be commented 


‘The essential | part of the material on moving loads, which i is contained in _ 
the paper, was developed | about 1 1925-1926 and has been available since that 


time together with the nomenclature | which accompanied it. About 1930 the 2 


_ Norse.—This paper by R. C. Brumfield was published in May, 1945, Proceedings. Discussion on this 

7 _ Raper has appeared in Proceedings, as follows: October, 1945, wf . W. Stewart, Nathan D. Brodkin, and 
Hickerson; November, 1945, by Max W. Strauss, D. A. Mackensie, and Charles E. Schaffner; — 
December, 1945, by J. Kalb, G. Rolsma and F. W. Gieseking, Stanley 8. Schure, and Alexander Dodge; © 

| 1946, by Frederick’ S. Merritt, Alfred B. Heiser, an "T. B. Rights; February, 1946, by Phil M. 

a = Ww Leon Beskin, and Bruce Jameyson; and April, 1946, by Charles W. Dohn, Clifford ead Fotersen, 

Prof., Civ. Eng. Dept., The Union, } New Y ork, N. wih 
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676 = BRUMFIELD ON MOVING ‘LOADS: 


- material on moment distribution, in its elementary form as it appears in the 


ss paper, was added and the whole, with additional material on sidesway and 
secondary stresses in | trusses, 1 was published i in ‘mimeographed form, ‘in 19332 


ate students at The Cooper Union in New York, N. Y., from then ray the 
‘present t time. . The methods were adapted t to beams of variable section and to 
curved beams about 1936 . The ‘material was republished i in photo-offset form 
in 1941. * Since that time ‘it has been extended to include beams of noncopla- 
Nomenclature and terminology, in technical writing, bear some analogy to 
the language of ordinary speech or written material, — ‘It is natural that each 
reader should desire to read in his own language, since less effort is involved. 
_ It would also be a courtesy on the part of ‘the writer to express his material s SO as. 
to accommodate the | greatest. number, even though the truth is the same ex- 
pressed in in any nomenclature. — *4 Unfortunately, basic nomenclatures dealing 


with beams are as diverse as are the textbooks from which the engineer learns 
fundamentals in mechanics of materials. 


. The writer ‘therefore has no apologies for the nomenclature used in the paper; 
it was fully em embedded, in the method presented, long before such papers as that — 
z Hardy Cross, 2M. Am. Soc. C. E., and most of the others 8 cited were pub- 


lished. From the standpoint of serving the majority, the nomenclature 


pert that service, as far as the discussers were concerned, since more than 
half of them were man © who had previously — studied the writer’s courses in in 
indeterminate structures. Also, a writer should not be closely restrained in 
his choice of nomenclature. "Since he is responsible for accuracy of statement 3 


he is most to meet this: when thinking and writing in ¢ 


moment , and several introduced, briefly, methods of their own, 
comparison. These are interesting, of course. © It is significant that the 
~ methods are not alike, which | indicates that preferences i in the methods of dis- 
 eiielien of moment to a frame are likely to be determined to a 1 large extent - 
7 the habits and prejudices: of the individual. Few men are sufficiently familiar 
with all available methods through practice to be qualified to make a fair 
comparison of their merits. ‘Although the writer has a bowing acquaintance 
_ with some of those cited, he confesses to a lack of the necessary napa! 
familiarity to make profitable comparisons on the hestin of convenience and 5 
- serviceability. Again, the writer gave only the essentials of his method of 
distribution, and so stated in the paper. In fact, in the method actually used 
for extensive frames, the frame characteristics developed are only : a means | to an 
ar nd do not such in the final method. Messrs. Rolsma “and 
- Gieseking touch briefly on the more general method in their discussion. Since 


- §“The Solution of Statically Indeterminate Structures,” by R. C. Brumfield, 1933 (printed in mi 
graph form by The Cooper Union, New York, N.Y.). 
__ 4**Restrained Beams and Rigid Frames,” by R. C. Brumfield, 1941 (revision and expansion. of “The 
of Statically Indeterminate Structures” *; printed i in mimeograph form by’ The "he Cooper Union, ued 
Continuous Frames by, ‘Fixed- End Moments,” by Hardy | Cross, 
Am. Soc. C. E., ve 96 (1932), pl 
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BRUMFIELD ON MOVING LOADS — 


‘ space is not available for i introducing the method here, the writer must refuse 


- various invitations to make comparisons in n methods of moment distribution 
and confine his closing comment closely to the matter of moving loads. 


ae Mr. Stewart makes the observation that the method is not applicable to 


1e beams: of variable section. This is true of the formulas shown in the paper f 
_— since | they have been adapted | to the special case of beams of uniform section 


throughout the spa span. | The method has been adapted to members of variable 


a- section, howev ever, giving formulas: which reduce to those for members of uni- 
7 form section when the nonuniformity of the beam disappears. Thus, the 
to. formulas in the paper are special cases of the more general ones which apply to’ 
ch nonuniform beams, and the nonuniform beam formulas in turn are special 
d. cases of those which apply to curved beams. — _ In fact, a paper was filed in the 
as. Engineering Societies Library® in 1936 w hich contained many of the formulas 
x- that apply to beams of nonuniform section. 

ng ae ‘Mr. ‘Brodkin has transformed the formulas of the paper "to apply t to the 
ns computations of fixed-end bending | moments at beam ends. Mr. Strauss also. 
on does essentially the same thing. | These are interesting applications and no 
“doubt will be “useful to engineers interested in fixed-end moments. 

</_ Brodkin also brings out the fact that angular rotations at the supports may 


comment on a matter not included in the a = 
Professor Hickerson speculates as to whether 0 or not it might be « easier to 
¥ determine the position of load for the maximum bending. moment and the value 
of the maximum bending moment by influence lines, rather than by the 
2 formulas of the paper. — ~ At least one other discusser 1 raised. the question as to 
the difference between the method o! of influence lines and the formulas of the 
paper. ‘Considering them as separate > methods of handling moving loads, 
there should be no argument possible. This i is true since Eqs. 14a and 14) are’ 
exact formulas for influence lines at the two supports, caused by a single load, 
_ when the value of Wi is unity. — Similarly, Eqs. 25a and 258, as well as Eqs. 
27a and 27b, are formulas for combined influence lines when the value o of W is : 
unity, the unit load being « considered as distributed on the s span in any manner 
chosen, as dictated by and Since the equations of the paper are in es- 
“ sence those of influence lines, it w “ vould seem strained to attempt to make the 
distinctions cited. 
ae Mr. Strauss hes suggested that it would be more convenient to use the 
na Teciprocals | of Q, i, and R, rather than the the symbols it in the paper. | Mr. Merritt — 
“makes” essentially the same suggestion. n. In support of his suggestion, yn, Mr. Te 
Strauss states that, in computing the R-values of Table 1 from the i-values of © 
Col. 3, this prodecure would avoid taking the reciprocals of the i-values before — 
~ adding them to obtain the R-value needed i in Eq. 40. _ The: writer readily ad- 
mits that this is true : and commends the suggestion to those who compute > 
Ps -values in this wa ay. y. In his own work, however, he has alwa ays ; followed the 
Suggestion made i in connection with the transformed Eq. 42. Eq. 42, there 
‘is no conscious addition of the i-values at all, but rather ratios of are 
_ taken on the slide rule and a is added mentally. Thus, the entire com-— _ 


- _ readily be computed from the B- values and the D- -values. : 7 ‘Thisi is an interesting 
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BRUMFIELD ON MOVING LOADS ‘Discussions 


-putation of a R- -value, from any number of component 1- -values, consists of a 


continuous slide-rule operation leading to the final result. 


Mr. Mackenzie illustrates the use of the frame characteristics in the | paper — 
for distribution of fixed-end mo moments, ‘indicating ‘an interesting combination — 


of the > methods of the the paper and the concepts of the Cross approach to the 


‘The comments of Mr. . Schaffner on the use of the methods of the paper in 


practical engineering should be o of interest to those not familiar with them, since 


_ the procedure must be judged on such testimony. The practical illustrations 


given by Mr. Kalb and Messrs. Rolsma and Gieseking are further examples of 
; ‘such testimony, and are particularly valuable in showing g¢ adaptations to studies 
on unusual frames and the flexibilities obtained with the methods. Messrs. 
-Rolsma and Gieseking touch briefly on the general method which he’ writer 
uses for distr ‘ibution of bending moment but | it is not likely that the explana- 


: tions, because of their brevity, will be clear to the uninitiated. _ nal 


Mr. ‘Schure gives the analysis of a five-span continuous beam. It appears” 

baat ‘Eqs. 61a and 61d are identical to Eqs 14a and 146 of the paper. The 
curve in Fig. 22 is identical with the outer curve (A = 0), in Fig. 5 of the 

- paper. Mr. Schure also suggests the use of a table of reciporocals i in computing 

frame characteristics. This is in line with the suggestions made by Messrs. 


= - Strauss and Merritt and the same answer applies. If reciprocals are to be : 
- taken in the computation, the suggestion of Mr. Strauss had better be followed _ 
and the inversions of Q, i, and R used. 


Mr. Dodge makes effort to o show that supports A, and 


in Fig. 12, will permit uplift ; and that hence the the frame characteristics 8 computed : 
«are invalid. * He also states that. sidesway would result in ‘any case an and that 


this would [render inaccurate the solution given for the frame and loading. 7 He 


buttresses these observations : with the statement that, if the supports were 
pins, no lateral movement would permitted and thus.  xpansion- . due to 
temperature would be impossible. 


The writer has long been familiar with the fact that most textbooks on the 


mechanics of materials, from which engineers obtain their first concepts of 
beams, deal only \ with the fixed support and free st support as being the two limit- 
ing cases of a large group of restrained support ts. For mathematical purposes, 
the free support i is defined as one which permits no translation but does allow 
‘perfect freedom of rotation. Although this is an idealized definition, it serves 


‘mathematical | purposes very well. In this sense the writer used the definition 
of free “support in the paper. With such a definition, of course, there is no 


question of sidesway or uplift. In fact, ‘the very symbol, ‘used in the ‘paper | to 7 
es designate the support, is the one ordinarily used in textbooks to show a free | 


support conforming to this definition, 


a. Again, if it be ¢ granted, in deference to the practical man, that such supports 


: must per mit lateral motion to provide for expansion, ‘it ‘must at the same time 
be granted | that the | practical 1 man would design | his. support to prevent uplift, 7 - 
to avoid hammer, just as is done at the anchor pier of a drivegyes bridge. * 


Such a provision would render the frame accurate. Since only 


one ‘such support is roquived | to. care for e 
Ts 
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fixing the other. ‘support oo lateral motion n. The writer has no desire to. 
= the question of of sidesway ; but, since it was ‘not covered i in the paper, he 


feels it would be | presumptuous to introduce it in the discussion. oka fist 


8 distinction between the terms “beam class’ "and | “frame class” 
is obscure. 


tinction appear to be justified. Whether the frame is to be 
with or without sidesway, the fundamental approach to the problem of the 
beam is the same as to that of the frame. Mr. Dodge also states that, as pre- 


sented by the writer, the computation for the effects of a pure couple involves a 


concept that is different from those for other loads. This is not true as may be. 
verified from the paper. 


verified from . T he formulas for the couple expressed | by Eqs. 36 
were obtained directly from Eqs. 14a and 14b, and hence have the same under- 

Mr. Dodge “objects strongly to the term ‘torque split’ ” to designate the 
division of ' resisting bending moment among the receiving members « of a joint 
which is actuated by an artificial couple. | The writer used this term to dis- 
tinguish such moment from similar bending m moment induced in the members, E 
_ when the joint is actuated by a bending moment transmitted to it by one of the 


. radiating members. Mr. Dodge would reserve the term torque split for those — 


cases where “‘primarily shear stresses” are caused inthe members. 


= 
‘The term “primarily” ‘is not defined. ‘ Primarily may not refer to the order 
of induction since, when both shear and bending moment are induced in a 


member, their induction is simultaneous. It 1 may perhaps then be inferred | = 
_ that Mr. Dodge means that shear must be the greatest « or predominating ir influ- 
ence and the bending influence must be lesser in numerical value. _ Even this 
interpretation i is difficult to make consistent. in such a case as t that of a shaft, 
which has by long usage been associated with the term. torque, e, when torsion i “_ 7 
applied by s some procedure such as a belt and pulley, the question 0 of whether 
‘bending moment or torsion predominates i in the shaft is wholly a matter of 
distribution of bearings, pulley-size belt pull, and so forth. Similarly, i in. 
noneoplanar frame if some members become quite short, it is entirely conceiv- 
able that shear m may predominate in amount. Thus, ‘accepting Mr. Dodge’ 
criterion, it would seem that: at the use of terms is somewhat relative — 
The writer regrets that space deter not permit a full explanation of the mean- 
ing of his statement (see Section 13) that: “One distribution is sufficient for all ; 
- purposes, including live-load and dead-load | moment distribution, wind moments, — 
sidesway * * *.” Mr. Dodge suggests that a separate distribution 
- required for each operation. ‘ Under the writer’s procedure this is not the case. 
- Although separate collections or partial collections are made for the various 
they all follow from one distribution. The discussion by Meesra. 
imonies of Messrs. Rights : and Heiser as to. ‘the u of the 
method and its flexibility and | versatility i in practice are most gratifying coming» 
from men actively engaged in a broad field of general eng engineering practice. — Han 
The writer appreciates the complimentary comments of Professor or Ferguson. - 
The confusion which Professor Ferguson feels i in n the terminology s and nomen- 
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BRUMFIELD ON MOVING LOADS 
- clature would seem to arise from unfamiliarity and perhaps from the too brief 
explanations which must accompany short paper. I For ‘Tmany years, the 
writer has taught these concepts, expressed in this terminology, to undergradu- 
ate engineering students and has noted no confusions. It is harder to supplant 
a familiar ‘nomenclature with a new one than to become familiar with the new 
“one from the start, which may account: for some of Professor Ferguson’ 4 
difficulty, 
Rodin suggests that the writer. has omitted reference to his prede- 
-cessors. The writer is most conscious of the duty to give credit where credit 
is s due. However, he confesses total lack of knowledge of the writings of 0. 
bags and Maurice Lévy® which ai are stated to have been published about 1886, 
As for the other 1 references cited, they all appeared after the methods of the 
8 paper were complete. The writer has a general familiarity with most of them 
i. they had no infuence on any procedures in the paper. taereming: 
Messrs . Beskin, Eremin, and Jameyson all mention, in one way or another, 
- the opinions that the equations for “Moving loads are not valid when the load 
occupies more than one span and that therefore this is a distinct limitation on 4 
‘their ruse. Mr. Beskin particularly refers t to the fact that the greatest bending 


_ moment at the « common support of two contiguous : spans occurs when load lies 


ineach of them. This is true and the equations cover thiscase. = 


ot continuous beam of six spans is shown in Fig. 37. cD. load W is shown, 


-_- is too extensive to be contained w holly i in wee _ It then becomes a 


“broken load,” in Professor s terminology, with a part Wi Lying i in 
sa CD and a a part We lying i in ‘span DE. There are two statements to be 
‘made in connection with this case. 7 The first i is that such 1a load is not i in gen- 
~ eral the most suitable. type for use as a criterion to determine the n maximum 
bending moment at a given point—say, the Tight end of span DC. If the 
loads W; and W: are fixed i in spacing with respect to each other, it is obvi ious 
that one of them, say, Wi, may be placed, by Fig. 6 or Eq. 29a, in position to 
produce | maximum bending Mpc. It is also evident that the load Win span 
DE will c occupy ‘any companion position dictated by the fixed spacing. AR 
- though, fortuitously, th this could also be the position ‘that would produce 1 maxi- 
mum bending moment Moz, it is likely to be some position ‘that will produce 
Tess than maximum at the left end of fspan DE. 1 . Thus, it can obviously be con- 
cluded that a fixed-space loading that occupies more ervey one of two contiguous 


re simultaneously may not ordinarily produce as great a bending moment — 
7 


| 


at the common support as would the two sections of the load if they were free 


(ii “Le Statique Graphique, et Ses a aux Constructions,” by Maurice Lévy, Gauthier-Villars 
& Co., Paris, France, 2d Ed., Vol. 2, 1886. 
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may be greater than. the o one that would be produced by ‘the 
— movement of the two sections. — i T his leads to the conclusion that: 


s for maximum bending 
_ The second statement to bes stressed i is that if, in spite of the e undesirability 
of fixed-space loads too widely spaced to be cettainat | in the s span as criterions, 
it is necessary to use such loads, the procedure may be as follows: Referring 
to Fig. 37, let the major part of the load be ‘placed i in the s span which has the 


greatest product of L A (see Eq. 27), in position for maximum in its own span. 


at the common support—W, in Fig. 37. _ Then, Ws will lie in span DE in 


whatever position the fixed spacing dictates. _ The maximum bending moment 
at point D due to W, and the simultaneous bending moment due to W, will 
ordinarily be all that is : required. if greater accuracy is desired, a few other 
bending moments } may be computed from Eqs. 27a and 276 in a trial- and- 


error location of an absolute ma maximum. — The equations : are those of combined 


1 on - influence lines cand 1 this is exactly the the procedure that wo would be required with 

lies § a It may be stated in passing that the writer has derived exact equations for 

aa | this case; but, since these formulas involve the characteri istics of both spans a and 

wh, er are quite complicated, they have not been considered practical. 

es 2 = - Fig. 37 also illustrates the possibility of placing the load in distant Spans f for 
‘maximum ata given point. In addition to bending ‘moment Moc induced 


‘from the loads in the adjacent spans CD and DE, loads placed i in spans AB and 
FG in positions for maximum at point B and point F will also contribute to the | 
Maximum Moc i in greatest possible amount. Mr. Dohn has referred to this. 
_ Commenting on the opinion of Professor Jameyson that the method would 7 
be impossibly complicated when applied to beams of variable section, the — 
_ Writer ean state that, on the contrary, it is quite as simple for these cases a8 
_ for those outlined for beams of constant section and the formulas for beams of 


ng in 


us te - variable ‘section reduce directly to those of straight section when the nonuni- 
aie ‘The observation by Mr. Petersen that he has found the methods use useful i in : 
f the t airplane structures is quite interesting, indicating practicability in fields out- 
side those ordinarily considered structural. 
bat “ah In closing the writer again wishes to express h his appreciation of the privilege _ 
am 2 of reading the extended comment on his paper and of enennG a “a of 
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 Crarence Jarvis,“ M. Am. Soc. C. E.*—One of the essentials in 
_ Solving such momentous problems as as those now facing the profession is to adopt 
| realistic. attitude concerning reservoirs, instead of. ‘maintaining the 
| placency so prevalent only a few decades ago. For example, the residents of 
/ San Marcial, N. -Mex., only a few feet above the proposed ‘maximum water 
level of Elephant Butte I Reservoir, and only a few thousand feet upstream, 
} \ calmly advised, and seemingly assured, that no harm would come to them 
; from flooding as a result of the storage enterprise. The subsequent aggrada-— 
pre of the ‘Yiver channel necessitated ‘repeated revisions of f railroad and bridge 
elevations, and the eventual displacement of the town from the alluvial plain 
to the I higher r mesa—within a a decade after the beginning of storage. - Likewis ise, 
although seemingly authoritative estimates had consigned the dead storage of 
Lake Mead to the accumulation of sediment for the first 200 years of its normal 
. clusive evidence is presented that the useful : f its existence may 
_ life conclusive evidence is presented that the useful span of its existence may 
be les less than two centuries unless countermeasures are adopted promptly an and 
executed with vigor, 
Obviously, the bed-load contribution has upset the early estimates for both 
Lake Mead and Elephant Butte Reservoir. — It is well known that the course 
materials « constituting bed load 1 may contain high | percentages of voids 
that one third’ or even one half of their volumes may still Tepresent usable 
storage space. Only when finer sediments intrude to form a matrix for the 
coarser grains or pebbles, or to seal the coarse deposits in lenselike bodies, are 
such voids rendered useless for further storage. _ Inasmuch as the fine i 


_ments may be transported readily by density currents, and may thus be with 


ee —This A py by J. C. Stevens was published in Moy. og Proceedings. Discussion on this 
Eee has appeared in Proceedings, as follows: October, 1945, yy C. Bondurant, John H. Bliss, Luna B - 
‘7 pold, Carl B. Brown, and G. E. P. Smith; November, 1945, by Albert E. Coldwell, Walter B. Langbeit, 
©. 8. Howard, Charles Kirby Fox, H. V. Peterson, L. C. Crawford and P. C. Benedict, Charles P. Berkey, 
a and Stafford C. Tg December, 1945, by Berard J. Witzig; January, 1946, by Hugh "Stevens Bell, E. W 
Lane, and F. E. Bonner; February, 1946, by Joe W. Johneon, Harold H. Munger, and William Ms Mayo 
Venable; and March, 1946, by Edward Gerald Smith. 


Cons. Engr., Salt Lake City, Utah. 
Ma Received by the Secretary March 4, 1946. 2 
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7 drawn from the rei reservoir basin and delivered by canal systems to irrigated | 
land areas, there to increase the fertility and to improve the soil tilth, the out-— 
| look is not entirely hopeless. Some of the views expressed in the w riter’ Ss 
ee: of “The Silt Problem of the Zuni Reservoir,” by H. F. Robinson, : 


are readily applicable today i in in the light of later experience. For example:"' | 


of the outlet gates, together with judicious 
use of hydraulic pumps and jets from hydraulic giants mounted on a barge — 
for use around the edges of the reservoir * * * reducing the larger deposits 

7 of silt and maintaining a turbid outflow, could be adjusted so as to keep 
_ pace with and correct the silting process. The alluvial silt thus distributed 
upon the irrigated land would be of immense value as a fertilizer; the canal - 
system would have less percolation losses, and there would be less likelihood — 

of the canal breaking than where clear water is used.” 

Costs and V values. —Regardless of the low cost of the 

= a parking space, or for other construction, it is ‘not uncommon these 


davs to see great mounds of earth the topsoil has been stripped 


al cover are more e important than incidental costs. is quite 


conceivable that the : successive a of such topsoil may cost hundreds of 
g the of the land involved; 
_ Likewise, the investment of a few 7 
even much per cubic in fine silt to be removed by ‘sluicing 
and nd by density currents through L Lake Mead or other storage reservoirs—even 
- though the original volumes for such storage were provided at the low cost of 
some fraction of a cent per cubic yard—might prove advisable and profitable 
in terms of fertility, storage values, and assessed valuations downstream. pn 
! Could it be that the author has dismissed the idea of “Removal of Sedi- 
“ments” without due consideration? By way of contrast with this view, most 
of his comments and conclusions are beyond challenge. 23 The writer has wit- 4 
 nessed sediment removal from stock- -W atering ponds and other small reservoirs | 
_ by ordinary s scraper s, or even by w wagon haulage, to choice garden ‘spots, with- a 
- out much regard to cost per acre-foot. _ : T he > main co concern seemed to be the 
oy value per cubic. yard, which was generally 1 more than a dollar when w age sales : 
— but « a fraction of those that now prevail. The usual types of desert soil, 
with sand as a prominent ingredient, seem to need the fine sediments that are 
‘Teadily conveyed throughout the distributing canal systems. 
“granules associated with bed load would ordinarily be restricted to construc- - 
Zz projects, after screening and washing. 7 Fortunately, these heavy deposits | 
are not often encountered far from t the canal intakes; they are not likely to 
"move by natural processes through an extensive reservoir basin. only the 
coarser sands, , gravels, and cobbles should lodge i in the shallow upper reaches 
of the reservoir, and should provide usable storage space representing some} 40% 
of the original volume (exempt from the usual evaporation losses because of 
the reduced exposure), it might be feasible to retain some 50% of the original — - 
— storage volume indefinitely, even though eventually the reservoir might be 


filled to spillway crest. One of the prime essentials would be the exclusion of 


_ Transactions, Am. Soc. C. E., Vol. LXX XIII (1919-1920), p. 883. 
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JARVIS ON FUTURE OF RESERVOIRS Di scusst 
‘TABLE 17.—LaKE Meap,* River; Summary or Basic INFLOW, | T 


Lossus DESIGNATED CHANNELS AND RESERVOIRS 
(All Discharge and Storage Quantities Are i in Thousands of Acre- Feet) 


OvuTFLow, RESERVOIR STORAGE Cuaners, AND APPARENT YEARLY 


ol Vi . Total in- 
River iver Un- ow to “4 

| Bright | Little- | drain- | Mead | torage | Total Components! 


Angel, | field, | age? | S(Cols. 2(Col. 5 
@ @ | © | mM | = 


1925 | 12.800] 140¢ | 140 | 13,080 
1926 | 13,600] 1704 | 170 
| 18,552 

104 | 15,208 

1254 | 125 | 20,150 
1930 1 13/228 
1931 | 6.600] 106 96 | 6,802 
| 15,800] 384 | 184 | 16,368 
10,000 116 | 84 | 10,200 


10,616 162 | 100 | 10,878 +3,673 
; 144 | 130 | 12,744] 5,960] +5,673 
1937 | 12.540 234 | 150 | 12,924 | 6,018] +5,909 


| 


1938 15,860 180 16,322 6,764) +8,146 
1939 9,090 8,645) + 168 
1940 8,035 179 80 8,294 7.973| — 240 
1941 | 18,790 427 550 | 19,767 14.890} +3,770 “ 
ce 14,920 187 180 | 15,287 15,763} —1,050 
7 1943 11,320 179 150 b 11,649 12,692} —1,370 
1944 13,380 180 145 | 13,705 14,625} —1,360 
1945 12,245] 178 | 135 12,558 12,493] — 582 
(b) OF THE CALENDAR Years? 1925-1945 (21 Years) AND 1935-1945, 
268,152 | 3,913 | 3,224 | 275,281 |239,819] .... | 12,62 625 10, 
Mean | 12,769] 186 | 154 | 13,109] 11,420] 
139,266 2,301 | 1,870 | 143,437 |112,003| .... 133,830 8,607 | 6,966 
d Mean "12,661 | 209 | ‘170 | 13,040 | 10,190] | 12,166 


782 633 


| 
(c) Summary oF THE Water Years,’ 1925-1945 (21 Years) 1935-1945 (11 Years) 
= 268,091 | 3,889 3,219 | 275,199 | 238,307 | 12,091 | 10,767 was 
Mean ¥ 12,766 | «153 «1B, 105 11,348 
= 284 1,840 | 142,939 | 109,867 134,668 | 8,271] 6,835] ...- 
Mean | 208 12,994 9,988) 12,243 | 752 
7 — * The area occupied by Lake Mead was not so named until February, 1935. The drainage areas are: ( gf 
to Colorado River above Bright Angel, Ariz. (Col. 11), 137,800 sq miles; Virgin River above Littlefield, Ariz.— mi 
_ drained (Col. 2), 4,440 sq miles and ungaged (Col. 3), 25, 560 sq miles; and (the total) Lake Mead above | idg 
_ Boulder Dam (Col. 5), 167,800 —— 6 Calendar years end December 31 and water years three months F 
earlier, or September 30. Records for individual water years are omitted. ¢ At Boulder Dam, or the - : 
_ river station below the dam site. ¢ Probable com a of Col. 8. _ These | quantities are estimated of = 


Bank storage added ed (+) or or withdrawn 


3) 
| 
— 
— 
3 
12,600] .... | .... | 480] 480] § 
| 13,300)... 540] 440 | +100 
6.610] .... | .... | 192] 362] -170 
; 
; 


Ma y, 1946 JARVIS ON FUTURE OF RESERVOIRS» 
TABLE 18. —Car os RESERVOIR ON THE GILA_ River ABOVE Coo.ipGE 


Dam; ‘Summary or Basic INFLOW, OUTFLOW, RESERVOIR STORAGE 
‘CHANGES, AND APPARENT Yearty Losses Desic- 


CHANNELS AND RESERVOIRS 
eine and Storage Quantities Ar Are i in Thousands of Acre-Feet) 4 


Ovrriow, Dane | —(Ourriow 
| Carlos | | 
River | gaged 
above | drain- | Coolidge |Drainage| Storage 7 ~ 
Peridot, | aged Dam site | area’ jadded(+)| Total 
890 | or sub- | =(Cols. 
tracted 5 and 6) 


dol @ (3) oO | (7) (8) fal 


| 


ore 


204 | 

39 | 60 


SuMMARY OF THE CALENDAR YEARS,* 1925-1943 (19 YEARS) AND 1935-1943 (9 YEaRs) 


4,405 666 
232 | 48 


| 


MARY OF OF THE W. ‘ATER. 1025-1043 (19 Yuars) AND 1935-1943 @y 


5,325 | 4,064 
Be 436 
308 | 231 |... 


- Calendar years end December 31 and water years three months earlier, or September 30. hee 
_ of individual water years are omitted, except the substitution in 1943 which is for the water year ending 
September 30, 1943. © The corresponding drainage areas are:j]GilajRiver, above Calva, Ariz., 11,490 sq 
miles; San Carlos River above Peridot Ariz.—drained, 1,040 sq miles and ungaged, 360 sq miles; and Cool- 
7 idge Dam, drainage area, 12,890 sq miles. ¢ Before 1928, the discharge downstream from the present 


dam site. 4 These quantities are estimated or derived. _ ¢Bank storage added (+) or withdrawn (—). 


— 
. 
ow 
‘ 
Gila 
River 
Stor 
(10) 
| 
| 5 | 22% | 28 | 4118 201 | 33 — 
4 190 37 403 21 343 OL a 
+228 352 ;? 434 | 279 | + 64 166 | 20 — 
3 42 | 8 340 | 127 | 20 | 40 | 
1937 | 321 | 112 123 | +2) 30 | 38. 
— 
nd abore 


Dise ussions 


| 


would retard and storage.” ‘The probable maxi- 
mum yearly inflow to bank material in Lake Mead is  aneaily more than 
640,000 acre-ft; at ‘Elephant Butte Reservoir, some 370, 000 acre-ft; and at 
- Coolidge Reservoir on the Gila River, 144,000 acre-ft—or, eames with total 
‘original usable storage, some 2.5%, 17 tad 12%, respectively. 


— 


Xcess Annual Precipitats 


Vv 6-Station Annual Precipteten- 
Departures from 46-Year Average ———— 


Gila River Discharge Departures from STORAGE, INFLOW, AND 
46-Year Average, Above Coolidge Dam OUTFLOW, SAN 


———+* Annual Discharge of the Gila River ——- RESERVOIR 
Above Coolidge Dam 
» 


se Annual Outflow at Coolidge Dam 


7 


San Carlos Reservoir Storage, Intiow, 
ond Outflow, in Thousands of Acre-Feet 


> 
tree 
e, 


> Accumulated Storage at Coolidge Dam in 
San Carlos Reservoir, Ariz., on Dec. 31 and at 
‘Tnes of Pronounced Breaks in Storage Curves 


Each Year. ‘Store Ge an October 1928 


o 
in Thousands ot Acre Feet 


phant Butte Reservoir Storag 


Ele 


Record 


— 


* 


on same bases, the maximum yearly powcr nnn bank storage for those 
a same reservoirs (derived or estimated from official records, yet incapable of 

exact determination at this time) - were found to be about 390, 000, 190,000, 

and 3 37,000 acre-ft, ‘respectively—or, in. percentages of original total usable 

- storage, 1. 5%, 9%, and 3%. _N annuity, the yield from bank storage m may con: 

tinue at nearly the maximum rate for two or more years in succession, keeping 


pace with the drawdown of reservoir surface. Tables 17 and 18 contain basic 


hydrologic « data to support this discussion. 
‘Taking into account the miles of drillings that. must ‘accompany the de 
“a aun of other storage projects to replace those destined to lose most a 


their capacity within a few decades, engineers could well begin part of the 
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“drilling i in an effort both to locate and develop lateral underground storage and - 
to supplement the known “bank storage’ now functioning. e Geologists nig 

‘thus find dikes or other impervious barriers, beyond which are structures cap- 
able of re receiving and then releasing great volumes of stored water, if suitable 
access: could be provided by blasting the formations at appropriate depths— 


in » accordance with practice in both petroleum, ‘and other deep-well, drilling. i 
- These studies would also locate the critical areas to be protected against sedi- 


EXCESS OF ANNUAL as | 
RAINFALL AND RUNOFF 

a | 


> at 


46. Year ar Average, 
VY Vv > 


recipitatior 


3 0 


Bank Storage Added, Above Base Line 


Storage Withdrawn, Below Base Line. 
* Annual Evaporation (b) STORAGE INFLOW AND 


20 
V Departures of 9-Station Annual OUTFLOW, ELEPHANT 
Departures of Rio Grande —————-++- 15 
> Annual Discharge | Grande 3 7 | 2 
cS at San Marcial in ™ 
= $1000 | — Annual Outfiow at Elephant 
| Reservoir Losses. Storage Began 


mentary deposits from the pay fine materials within the reservoirs (in 
case the 4 program should be restricted to selected and limited d areas) su such as the 
- intake or recharge ¢ channels s leading t to the 2 most promising u underground s storage 


adjacent to the open water surface of the reserv oirs. Too little attention has 
accorded to to “bank storage’ as supplementing the measured ‘capacities: 


of total inflow and together ‘with the annual change 
leads readily to quantities lose, 
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JARVIS ON FUTURE oF RESERVOIRS Discussions 


is actually the > evaporation plus the addition to bank storage o or minus the vol- 


mm from bank storage. A tentative allocation of these ‘separate - 
_ factors by the writer shows that, for | the 31-yr period of storage record at the 


Elephant Butte Reservoir, the sum of annual accretions to bank storage was | 


nearly dL 200,000 acre-ft, or slightly more than half of the original storage 


- capacity below spillway crest. On the other hand, the total withdrawals from — 


~ bank storage were 1,125,000 acre-ft. The apparent annual losses ranged from 
a maximum in 1920 of 648, 400° acre-ft 1 to an actual gain of 47,800 acre- ft, 
_ representing the excess of bank storage e withdrawal over annual evaporation 
in 1940. Tot the mean apparent annual loss of 200,300 acre-ft should be added — 


_ the mean annual yield “om the ungaged 1,750 sq miles of drainage a area between 


prove : to be as low as 1% of the total, or about 11 000 acre-ft | per yr hen ihe 
a ungaged 1%, the mean annual evaporation from the partly filled reservoir | 
+ would be about 211,000 acre-ft, which conforms very oy with the values 


plotted in Figs. 20 and 21. 
_ Similar computations showed mean annual evaporation of 633, 000 acre-ft 
e - for the 1l-yr period of storage ending with 1945 for Lake Mead— —or fully 400,000 © 
—acre-ft per yr for the previous decade. Likewise at Coolidge Dam, the compu- 
~ tations showed some 39,000 acre-ft yearly for the sixteen y: years of eeend storage, 
from 1928 to 1943, but t only § 9 000 acre-ft yearly for the e three’ years immediately 
preceding: the » storage. ‘The volume of bank storage and release was: 
= limited to lesser quantities for channels before storage es in the 
the yield from the ungaged 25,560 sq miles of area about Lake 
Mead had been neglected, ‘instead of being» estimated at about 80% of that 
recorded for the Virgin River at Littlefield, Ariz., the apparent annual losses 
from river channels between Bright Angel station and Boulder dam site would 
have been more nearly 250,000 acre-ft for the decade just p prior to 1935. . Even 
with that reduction, it appears that the inherent difficulties of stream gaging 
under st such natural conditions as prevail along the Colorado River may account 
for a pa part of this factor. — is difficult to conceive more than 100,000 scroft 
actually being lost from the river channel as it was before the existence of Lake 
Mead; but annual bank storage along the natural channel ‘usually ‘appears to to 
have been from 100,000 to 200, 000 -acre-ft or more, assuming a high order of 
accuracy for the river gagings, 
Continuing the same assumption and observing the successive annual addi- 
tions to bank storage for Lake Mead, Elephant Butte, and San Carlos R Reservoir 
back of Coolidge Dam, 1,940,000, 500,000, and 170,000 acre-ft capacities of 
bank storage seem to have been utilized at the respective sites, representing 
about 7%; 22%, and 14% of the measured original usable storage volumes. 


Conservation and possibly extension of those -bank-storage capacities, together 


. with from 30% to 40% of the original measured reservoir | - volumes within the 
coarser sedimentary deposits: of a nearly filled reservoir (assuming that utmost 
use of density currents and other practicable methods for removing the finer 
- sediments shall be developed forthwith, as outlined herein) might readily insure 


+ ‘telention © of at least 50% of the originally gaged usable storage volumes in- 


=. To the capacities below spillway crests may be added the storage | 


| = 
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volumes above the existing crests or above the crests that may late later be safely 
-developed—including the accompanying lateral bank storage. 


SranvIsH Haut, M. Au. Soo. C. E. timely paper Mr. 


Stevens s has rendered a great ser service to the engineering profession by focusing - 
attention o on the relatively ‘short life of reservoirs. _ The author ha has. perhaps — ul 
: _ taken a more pessimistic viewpoint than is warranted i in order to arouse engi- 
neers and conservationists to the need for intensive studies of the problem of 
, _ sedimentation to the end that a solution may be found for the future of i irriga~ 
in the arid West. With the progressive depletion of water-storage 
_ sources, it is none too soon to begin the collection of data that will ultimately 
‘lead to a better understanding of the problems involved. 
The sediments produced by erosion from the Rio Grande and Colorado a 
watersheds are not so extremely large when ‘compared with the s size of the 
respective drainage a areas - Many streams in the United States produce, annu- 
ally, sediment loads ] per square mile of drainage « area from two to five times as 
great as those produced by the Rio Grande and the Colorado rivers. . However, 
- if the sediment load is reduced to terms of annual runoff, probably the the quanti- 
ties produced on these two streams would rank well up on the list. 7 ae 
_ The action of running water as as a modeling agent in changing the earth’ 8 
7 surface has long been recognized in geology. It must be expected thatintime 
all reservoirs ultimately will be filled with sediments, whether the time involved : 
is 100 or 10 ,000 year: years. Ast survey of 3 many of the within the United 
7 States made by t the Soil Conservation Service, and reported by Carl B. Brown,” | 
‘Lake f indicates that generally « only ¢ one half of the nation’ s reservoirs s have : a life of — 
f that : more than 100 years. I . In the case of Lake Mead and Elephant Butte reservoirs, 


losses ‘the quantities are more impressive ve due to the size of the reservoirs and the 


would - extent of the drainage areas involved. — _ If the economic development based on 
Even 7 the irrigation of land i in the arid western states were to be terminated 1 within a - 
raging none too distant s span of time, , measured in terms of the anticipated economic 
count + life of the W West, the future of this area would indeed be dark. How ever, the _ 

vere-ft "problem i is not. quite so serious as it might appear, and it is believed that by | 
f Lake _ proper control and conservation methods the production of irrigation water can | a 
arsto be extended into an almost indefinite future time. 
der of : Production of Sediment by Erosion. —All streams erode and thus transport 
a of weathered rock fragments and deposit them elsewhere along 


l ‘addi 


servoir 


_ their courses. This i is a natural geologic | process. The most that man can 
- hope t to do is to control the process with a view of maintaining normal erosion 


ties of — ata minimum, and not by his works and activities to accelerate the e process. 7 
enting Under natural conditions , eroded debris transported by streams is deposited - 
lume. ff “into lakes, | dry basins, or the oc ocean. When man creates a rt a reservoir r by inter- 

gether | =: posing adam i in a stream channel, he at once creates a trap for the collection of _ 
rin the | water and wind-borne sediments. Streams loosen material along their banks ) 


by the impact of the water against relatively weak rocks, soil, and rock mantle. 
The heavier particles are rolled or bumped along the stream bed, while the 


itmost 
e finer 


ingure Prin. Hydr. Engr., East Bay Municipal Utility Dist 
y Dist., Oakland, d, Calif. We 
nes in- Received by the Secretary April 8, 1946. ee 
7 “The Control of Reservoir Silting,” by Carl B. Brown, Miscellaneous Publications No. 521, U. 
storage: 1943 
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lighter ones are nanan aie by the eddies and currents of the stream and a are 
carried suspended for long distances until | deposited i in the relatively still water 
of the r reservoir . Abrasion of the stream bed by the larger pa particles, carried 
along. with the flowing w water as part « of the bed | load, , increases | the total sedi- 
“ment carried by the stream. — The particles. themselves are reduced in size by 
collision with each other and with the bedrock . Thus, the erosive effect of the 


sediment is cumulative, increasing as the _ proceeds downstream ‘until a 


saturation of the sediment load is reached. 


—_ The transporting capacity of the aie the size of par rticles | that cai can be 
| wail depends on the velocity of the water at a given point along its course. 
In general, the maximum size of a particle that can be picked up from a position 
of rest by streams at a flood stage depends « on the s square of the velocity; but, 
once in motion, the transporting power of the stream on particles varies with 
the sixth pe pow er of the velocity. The rate of abrasion also varies as the square 
of the velocity, as a general ‘rule. its Thus, the movement of sediment is greatly — 
increased when the stream is at flood stage sand) moving -at its maximum veloci ‘ity. ¥ 
On major streams and large tributaries having flat slopes, the sediment c¢ 
into the main channel by steep tributaries \ will be dropped near the ‘ation of 
the two streams, , resulting in aggradation o of the main channel. — A sedimenta- 
tion of downstream reservoirs in such cases is caused by a rew rorking of the 
_ Sediments carried into the stream channel. Because o of the difference betwe een 
the abrasive and transporting power of a stream, it is. difficult to move e all the 


4 deposited material o once aggradation of the ch: annel has \s started, asin n the ease “4 
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"sediment ca into it by the will be by the 
the current, and the dynamic action of the water * will cause excessive bank “ 
bed erosion by abrasive action. These two classifications of sediment trans- 
require different tr in their control. 

_ The picking up of material from tl the stream bed depends on the drag, which 

- varies with the depth of the water and the : slope of the stream bed. Hence, it 

a = be inferred that the usefulness of a reservoir as a silt trap is not terminated 
- with the filling of its water-stor rage space with debris. ‘The increased width of 
_ the aggraded channel decreases the » average depth of water, and thereby me 
duces the drag. Furthermore, if the size of the particles of sediment is such 
that the gradient of the stream is reduced below its original slope after the 
filling of the reservoir, the drag is further ¢ diminished. This points to the wrt 
clusion that the building of several reservoirs on a watershed, such as is sug- 
gested by the : author as a possible development on the Colorado River, should 
have a progressive effect in diminishing the rate of erosion. _ From this, it may 2 
be concluded that the life of the reservoirs built to reduce the rate of sedimenta- : 
| for a very 
— 

‘The ‘effect of aggradation i in reducing the sediment deposits can te com- 
: pared from the records given in the paper for Elephant Butte Reservoir and 
: Lake Mead. — ‘The author has estimated an annual 1 sediment i deposit from the 

- Colorado River of 198,000 acre-ft from a q miles 
— above the Boulder Dam. = This is equal to an annual ‘sediment deposit of 118 
p 


acre- “ft per hundred miles of drainage a area. The record of silt deposition 


— 


1 
= 
4 
ae 
| 


> 
ad are in Elephant Butte Reservoir during a period of 25.75 years shows a total de- 


w vater 


posit of of 442, 900 acre-ft from 25,923 sq miles of drainage ai area. i is equal to 
arried 


an annual sediment deposit of 66 acre ft per per hundred square miles of drainage 


l sedi-_ area. a. These two o adjacent drainage areas, having rock formations of a similar 
ize by character and climatic conditions practically equivalent, show a large difference 


of the in the rate of reservoir sedimentation. The reason for the lower rate of de- 
ntil a - position i in Elephant Butte Reservoir has been explained by the author. He 
states (see heading, “Probable ’ Usefvl Life’’): “Deposits in the valley above the 
ean be reservoir have been enormous so t that a substantial portion of the water-borne 
oUrse. ‘sediments i is arrested before it reaches the reservoir. a It is further stated that 
osition, the aggradation of the lower part of th the valley above San J Marcial, N. Mex., 7 

7; but, - started prior to the construction of Elephant Butte Reservoir. 4 The Soil 
SW ith | Conservation Service has estimated that the deposits on the valley fi floor between 


square Santa Fe Creek and San Marcial have averaged 12,000 | acre- -ft per yr. ~ 
zreatly 


‘locity. 


‘eposited 4 in Elephant Butte Reservoir, a total o f 310, 000 acre-ft of Apacs 
_ must be added to the deposits in the reservoir to bring the gross erosion from ‘ 
drainage area to a total of 753,000 acre-ft. is equal to an annual 
sediment deposition of 113 acre- {t per hundred square miles of drainage area, or 
approximately the same as that estimated by the author for the Colorado River. 


etween 


all the At many places along the inner gorge of the Grand Canyon of the Colorado, 
case of the walls are so steep that blocks of rock falling from the cliffs tumble into the 
ep, the water to be slowly swept downstream and ground up. _ Even where rocks do not 
eity of | fall directly into the river, either in the Grand Canyon or along the precipitous 


nk and alle of other canyon sections of the main river or its tributaries, they fall on | 
, trans. talus slopes extending to the river’s edge. These slopes are gradually eroded — 


{ 
the material ground up and moved downstream by the waters of the 
» Which Colorado. . The building: of dams for the storage of sediment along the river — | 
ence, it and its main tributaries would not stop the movement of sediment from the a 
ninated smaller tributaries into the main channels; but it would have the effect « of keep 7 
vidth of ‘ing material originating i in the main canyons in place and prevent its movement - * 
eby res downstream. Hence, it is very probable that the construction above Boulder | - 
is such . Dam of storage for sediments on the Colorado River will result in an aggrada-_ 
fter the tion of the bed of the river canyon between these various dam sites so that the * 
the con movement of sediment ‘originating in the canyon will be greatly reduced, ‘with 
is sug: the result that the life of Lake Mead n may be increased at to least twice ae 
, it may :. In addition to the stream channel ‘erosion, there i is also sheet and | gully 
imenta- erosion fr from those portions of the land surface carrying water only during 

ra very rainstorms ms. ns. The) principal damage to the surface of the ground in arid regions 


due to erosion ‘comes from unusually heavy falls of rain, or from the sudden | 


be com- melting of snow and ice caused by a rapid r rise of temperature. _ Then, very 
oir and _ little water sinks below the ground or is evaporated, and large quantities flow — 


rom the over the surface of the pene ina sheet —w . The e velocity of the flow de- 
<q miles” 


it of | 1s 
sition 


- teetiont is too sparse and scattered to break the force of the flood, the erosion bs! 


upon the resistance of the materials over which the sheetflood 
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HALL ON FUTURE OF RESERVOIRS 
travels. Weak | sedimentary rocks an and unconsolidated alluvium, especially if 
the latter is fine-textured and of little coherence, are quickly eroded by sheet- 
7 floods. Since large areas of ti the watersheds of the Colorado | and Rio Grande are 
of this type of m material, the p potentiality for sheet and gully erosion is s very high. 
+The sediment | from these sources may be carried into streams, into dry 
--yvalley bottoms, or it may , be deposited ov over gently s sloping 1g areas adjacent tc to the 
steep slopes from which the material originated. Sheet flow rapidly col! collects 
into rills or furrows which will soon enlarge into gullies entrenched as narrow 
V-shaped cuts on steep slopes or which broaden out with flat bottoms on flatter. 


"grades. - Roads may be converted into gullies by flash floods resulting from 
- summer thunders rshowers. re. In many instances, excessive grazing of the native 
grasses and the succession of dry seasons since 1925, with the consequent dam- 


age of plant cover, are responsible. for accelerated erosion following the return 


In a recent ‘survey of western range lands, mo ‘more than 80% of the 
range areas, or some 728 million acres, was found to exhibit evidence of more 
— rapid « erosion than in the past. — Overgrazing and drought have wrought pro pro- 
- nounced changes in the range cover. . On extensive areas, the better range 
grasses have been displaced by inferior nonforage plants. The encroaching 


- plants a are also of inferior soil- holding sp species, and the total vege 


cov er is 


Ss If the natural cover on the range | lands is restored so ‘that nen er onion is 
2 reduced to a minimum, the channel erosion is likewise automatically reduced. 
As previously pointed out, the abrasive effect of sediment is cumulative after 
it reaches the stream channel. _ Hence, if water originating from the range 
‘lands enters the streams in a fairly clear condition, the erosion of the stream 
oe Deposition of Sediments in Reservoirs—The value assigned for the specific 
_weight of the deposits may result i in a a large variation in the estimated space 

occupied by sediment reaching a reservoir. _ Elephant Butte Reservoir affords 
a unique opportunity for comparison of measurements of inflowing sediments, 
_ measured for many years at San Marcial, to the surveys of the volume occupied 


the sediments deposited in th 1e reservoir. After making some well-con- 
sidered adjustments to the records of samples of suspended sediments, the 
author determined that. the | average specific weight of deposits in Elephant F 


Butte Reservoir is 65.3 Ib per acre- ft. i. There ii is no reason to question the result 

of these | computations as applied to the present deposits in Elephant Butte 
_ Reservoir; but a question does | arise whether these results can be applied to 
sediment deposits in’ other reservoirs. Tests of dried sediments made by | 
{ various observers have shown that the weight varies from 30 lb to 110 |b per | 
cu ft. The lightest specific weight “applies to fine clay that | has not beeD 
exposed to air, whereas the heaviest weight is applicable only to o delta deposits 
consisting of fine sand and gravel that have been dried out in the air and wel 
compacted. id The specific weights usually adopted for reservoir + deposits range 
Ib to 90 per cu ft. Even with with this range, which does not ‘represent 


= 
| 

| 
— 

: 
j 
basis of grazing capacities revealed that on the average about one half of 
iS ee the range lands have been depleted, the extent of the damage varying from > 

| 


sollects 
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native still available Space for the storage | of w ater within the void spaces of the de- 
it dam-— ‘posits. Assuming: the higher values for the specific weight, there would prob- 
return fF ably be at least 50% voids remaining in the deposits which would be filled with 
= ‘ water. The specific retention of the deposits would prevent the recovery of i 
2 entire 7 all this water, , but it might be safely assumed that, with sand | and gravel, — 
of more a / could be recov ered by drainage, or 25% of the original capacity of the 
sht pro- reservoir. The proposed construction of the five upstream reservoirs for — 
r range storage of sediment to prolong the life of Lake Mead would create a total o of 49 
oaching ‘million acre-ft of storage on the lower Colorado River. . In addition, the ulti- _ 
cover is mate construction of tl the Glen Canyon Reservo' oir would furnish 60 million acre-_ 
rvice on | ft of additional storage, bringing the total available storage « capacity to ap- 
> half of F proximately 110 million acre-ft. , With all this storage filled with sediment, 
ng from Ff if it , could be assumed that 25% % of the volume would still be available from 
gi interstitial storage between the voids of the deposits after allowance for specific 
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reduced. 
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the extremes, the volume of space occupied by sediments in a reservoir can be — 
j increased by 60%, if a specific w eight of 55 lb per cu ft should be ‘applicable — _ 
rather than the higher value of 90 lb y per cu ft. Furthermore, it seems reason- -. 


early stages of the deposition, 


able to assume, particularly 1 in the case of deep reservoirs such as Lake Mead 
and Elephant Butte reservoirs, that ‘compaction of the lower deposits by: the 
overlying beds will result in a gradual increase i in the average specific weight 
of the materials. — The weight per unit volume that may be stored within the 
reservoirs may ultimately bea antennas than would be found during the - 


_ Even after the reservoir has been cenesiidiie filled with sediments, there is = = 


Tetention, there would remain a total available > storage capacity ¢ ontheColorado 
River of 27,500,000 acre-ft, or a volume practically equivalent. to the initial 
water storage in Lake Mead. — 7 Additional reservo oir sites are available on the 
Rio. Grande | River; by a suitable program of reservoir construction on — 


to the initial capacity in the Elephant Butte Reserve roir. 
_ The author’s statement of the ultimate deposition of sediment in reservoirs 
above the spillway level excludes many possibilities. The slope taken by the 
sediment deposit along the stream profile depends er entirely « on the grading of the © 
_ materials carried with the water. «daft these are predominantly of fine sizes, the | 
; deposition will not extend very aon upstream from the flow line of the reservoir, 
particularly if the volur volume of inflow is relatively large. If coarse material — 
constitutes a large | proportion n of the load, there will be a tendency for the stream 7 
to build up its new bed very nearly parallel to the original stream gradient. 
Under these circumstances, with favorable gradient, the deposits | may extend 
many miles upstream from the reservoir flow line; and in such instances the 
silt-storage capacity will greatly exceed the water-storage capacity. _ In some > 
cases, with the proper configuration of the reserve oir, a pond n may be left perman-— 
ently above the dam that will remain clear of sediment deposition. _ Ino other 
iettanens, ‘sediment may be > deposited i in the reservoir to the maximum lev el of 


a narrow channel on a a gradient ‘starting with the eatin of the spillway lip. 
Thus, it cannot be assured that much of the 2,500,000 acre-ft of storage above 
the crest gates at Boulder Dam will ultimately remain to serve as regulating 
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Discussions 
_ storage for a river-run power plant. a. The foregoing conclusions were reached 
by the writer ‘from a study of "deposits i in a number of reser oirs erosion 

—— structures; but 2 an exhaustive sone of the profile and cross sections of 7 


will yield much more information on this p 


nit. The availability of some small me of 008 water Op may exist for a a con- 


3 a as the total storage a in relation to the size al 
drainage area decreases. — Probably. a more accurate relation of the “ trap 
efficiency” of a reservoir could be reached by relating it to the mean annual ane 
off of the basin. In any event, the results in delaying the final sedimentation 
of a reservoir are appreciable. ‘ However, as the author states, the value of the 
_ reservoir for storage purposes Ww ould be seriously impaired after one half of the 
‘initial storage had been exhausted. _ Thus the extension of the time for the 


final with silt i is 8 of minor importance, as effici- 


it is desirable to adopt economically feasible means for por pone 


useful life for the storage of water due to the great investment involved. — Under | 


- this heading, t the author has considered as possible measurements: (a) Land 

S _ management on the watershed, (b) control of density currents, (c) upstream — 

storage for sediment and for other purposes, and (d) removal of sediments. 
(a) Land Management —tLand ‘management of watersheds must contem- 
plate more than merely the conservation of soil and d water. _ The conservation 

~ of soils and their more effective use must be planned. so that food, forage, and 

an timber may be produced continuously. _ Conservation is an aid in flood and Mf 
 qxenion control and in drought alleviation for the purpose of protecting people — 

and the works of man from damage and destruction. Extensive changes in 

E _ farming and tillage practices, although of value » are insufficient to check de- 
structive runoff and to control, fully, the erosion that occurs in desert regions. 


must be placed mainly on structural works. In cases: where the 


author states that the of all land man- 
- agement on the Colorado watershed, regardless of the expense involved, would 
~- reduce the annual sediment load carried into Lake Mead by as much as 


volume carried by tl the Colorado and the Rio but, of the 
_ principles underlying channel erosion and abrasion, it is the writer’s opinion 
_ that by control at the source the total volume of sediment would be reduced by 


many times the 10% ‘reduction r resulting from the control of sheet and gully 
erosion. If the water pr the stream channel from the fields a 
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Lea) 


reduced, with the result that the | total silt load farther downstream is dimin- — 
ished to an extent far in excess of the quantity of silt retained by the upstream 
erosion control measures. . Obviously, once the sediment has reached the main 
river channel through s sheet and gully erosion, the reduction of further e erosion - 
in the stream channel must depend | toa large degree or on structural works. we 
~The types of erosion- -control measures can be classified as vegetative and 


structural, Under vegetative control may be listed the following: 

al (1) Replanting of deforested areas and other places where shrubs and grass 
(2) Removal from cultivation of grass or mi arginal and mediocre lands sub- 


oar 
ject to excessive erosion; 


(8) Ploughing and cultivating along contours of land instead of up and 


downslopesy 


Pat (4) Terracing and furre rowing hillside slopes al along contours and planting of 


— (5) Planting of willows or other suitable v vegetation along eroded gullies: 


nder the heading of structural control “measures listed the 


— 
— 


(6) Dams or drops in gullies to reduce the velocity y of 
“floods and initiate deposits behind them that ultimately reduce the Stream 
gradient and afford support to the channel 


— 


) Building ridges « or dikes which divide flood waters 


rol. stream channel erosion | on most watersheds 


ceeds sheet and gully erosion. << From what has been stated previously, this 


does not infer that vegetative control can be neglected; but these methods lie in 
‘|S field of forestry and | agronomy, w hereas structural control i is in the engineer- 


ing province. | ta Once the sediments have reached the stream channel, the contr rol 
eat (b) Density ‘Currents.— +t he control of sedimentation of reservoirs ‘through 
‘the discharge of silt- laden - aters | through outlet valves i is predicated upon the e 
“assumption ek onan appreciable part of the sediment is of sufficient fineness to 
-Temain in suspension | during the time of its travel from the upper end of the 
reservoir to the discharge outlets. . In the Pardee Reservoir on the Mokelumne 


ethe — Riv ver in California, »W here the discharge of fine sediments through ‘sluice valves 


1 silt is reasonably effective, it i is estimated that only 10% of the total sediment it load — 
yf the has been disposed of ‘by this means. us How ever, the removal of these fine 
inion ti sediments i is impor tant if, after complete sedimentation, the reservoir is to be 
od by 4 used as a source of ground- -water “storage. fine ‘sediments are usually 
gully : deposited near ' the dam and might seriously. affect the drainage toward the 
anges outlets near the dam of coarse materials at the head of the 
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HALL ON FUTURE OF RESERVOIRS 7 Discussions 
eservoir. If this drainage » were ser iously impaired by fine sediments, it t might 7 
_ become necessary to install wells i in the coarse deposits and to pump the dis- 


charge over the ‘spillway of the dam. In some reservoirs, the proportion of 


coarse , deposits n may be so small that the specific 3 yield would be much below the 


average of 25% previously assumed. In this phase of the subject, future e re- 
search would point the way to the best ‘solution. The wasting of a | arge 
4 pr sroportion. of the water yield of the stream, when heavily silt laden to avoid the 
deposition of fine sediment i in the reservoir, may be indicated. 
In Lake Mead, most of the sediments originating on the Colorado drain: age. 
i area above Lees Ferry are so heavy that they form delta deposits at the head © 
of the reservoir. Frequently, no turbid waters were discharged through 


outlets during the | - deposition of such allie, particularly during the snow 


Tunoff season with | a preponderance of coarse materials in the stream. On the 
other hand, summer flood inflows resulting from thunderstorms originating o on 


the Little Colorado, Virgin, : and Muddy rivers car rrying heavy I loads of fine silt, 


ere observed to pass through the outlets. 

_ Further study of density « currents in reservoirs may lead to techniques: that. 

will increase the percentage of sediment that can be discharged through gates 

and set mined w rriter is s fully 


“(© Upstream Storage of —The benefit age of 
_ sediments has already been discussed by the writer and appears to be a very 
effective means of prolonging the life of the main reservoir, not only by provid- 
_ ing additional ‘Storage for sediments, but also by r educing the bank erosion in 


the stream channel, 
@ Removal of Sediments. —As stated by the author, there appears to be — 
nO practical method to remove sediments once e they have been deposited i in the 


reservoir. . Even if it w ere feasible to remove the reservoir from operation and | 


to allow the stream to wash the collected sediments through a 1 large dise nies 
tunnel, it w ould be necessary to assist the stream by hydraulicking 1 the deposits | 


into the main channel. . Past experience has i indicated th: at nor mally an a . 
tempt to remove sediments by) the action of the stream will result in the cutting 


of. a narrow channel through the alluvial material leaving the major part of the 
sediments | undisturbed. — Further more, assuming that removal of sediments 


from a reservoir by th this means i is feasible, the discharging of f huge que untities of 
debris into the riv er below a dam Ww vould impose tremendous. problems in 


‘maintaining channel capacity 80 that overflow of valley lands downstream 


Conclusion. —The future reservoirs is not so dark as painted by 
Stevens, but the writer is in 1 accord with his conclusion th: at extensive ‘researe 


nts are” necessary to. provide : an ultimate solution 


to the problems. — Many of these have been only barely touched upon to permit 
the ¢ ‘confining of the discussion within reasonable limits. Mr. Stev vens has 


"pointed the way toa proper approach to the problem of reservoir sedimente- 


. oe namely, (1) analysis of suspended rtegeeg) records to locate ‘the ‘most 


= 
erosion both at ite source and it in the 


ie ‘The Passage of Turbid Water Through Lake Mead,” by Nathan C. Grover and Charles S. How =a, 
. Soc. C. E., Vol. 103 (1938), 
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DISCUSSIONS 


‘CORRELATING FLOOD CONTROL AND “WATER 


SUPPLY, LOS ANGELES COASTAL F PLAIN. 


WARREN N. THay ER, ° E Esa. Flood control and water | conservation meth- 
ods. as practiced i in Los Angeles County are described adequately and concisely 


in this paper. In recent months some additional data have been obtained on 


the growth and the ground- need be 
corded. 


cannot, occur in that do not have ‘ect hydraulic 
continuity with the surface upon 1 which the Ww ater is absorbed. = Pu 
principles governing the grow th dissipation of a ground- water 
mound | are described in most 1 textbooks on hydrology, and they are — 
W hen a drop of water enters ers the surface soil (after field ‘capacity has been 
satisfied), i it descends along a path as nearly vertical as possible until it reaches | ; 
the water table. _ Then, the physical laws governing influent seepage stop 
i amare the laws governing percolation begin to apply; and the rate of | 
-ratio of the Ww ater table, ‘modified by an appropriate coefficient of permeability, 
k. This r; rate is generally so much slowe er than the rate of vertical descent that a 
a mound starts to build up; and, depending on the depth of the water table and — 
the permeability of the aquifer, it may eventually reach the surface. ee ro 
| oh In January and February, 1946, it was possible to make some careful ~~ 


“servations on th and of a water “mound at the 


run. ‘There y was no rainfall the 


_, Nore.—This paper by Finley B. Laverty was published in June 1945, Proceedings. a Discussion on © 
this paper has appeared in Proceedings, as follows: November, 1945, by A. 


Geologist, Los Angeles County Flood Control Dist., Los Angeles, Calif. 


7 lateral movement of that drop of water in any direction depends or on the e T 
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what occurred beneath the surface, measurements of q 
% water-table elevations were made daily at about forty wells within a a radius of A 
about a mile, measured from the 1 ‘midpoint of the spreading grounds. | Eight of - 
the wells are on a practically straight line passing through the spreading grounds al 
parallel to the channel (see Fig. 1); and four of them are on a practically straight ‘ Ww 
line normal to the channel and p passing through basin No. 4 (see Fig. 2). ae _ 7 (J 


me “el. 


(a) SECTION NORMAL TO CHANNEL 
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Ground Sui Ground Surface 
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2 Jan. 2, 1946 
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day started (spreading started 3, ting three days 
during the spreading period, and on two days after spreading ceased (spreading 
ceased January 23, 1946). (Note the exaggeration of the vertical scales.) The F 
day before spreading started the depth to water varied from 8 ft at the upstream ahi 
end of the spreading grounds to more than 25 ft at the downstream end; and | 


there e was a low —— water ridge under the spr :preading grounds (see Fig. 6(a), 
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GLEASON ON WATER SUPPL 
the section normal to the channel) because of a continuous flow of from 30 to— 
40 cu ft per sec in the channel for several months. 

i The day after spreading started (January 4), the water table had risen 4 it : 
at the upstream end of the grounds and 13 ft under basin No. 4. . T he spreading | 
water had not yet reached the lower basins. Six days after spreading started 


1946 


- (January 9) the ground - water contacted the. spreading water in basin No. 4; 
and the mound reached maximum 1 height a at that place, after rising 18 ft above 


did not meet the an in the spr cating bas sins because the wage ection hed 


“a After r spre ce: nced, "the water table under the basins gradually dropped, 
but around the periphery of the mound it continued to rise for about three 
weeks as the water body | sought its natural level. During the spreading 

period: 4,800 acre- -ft of water was absorbed i in a wetted area of about 140 acres 
spreading g ground and adjacent channel. dt, aed 


B. GiEason,’ Assoc. M. Am. Soc. C. E ja_Three beneficial | pur- 
poses that may be served by spreading are indicated “toy the author: (1) ~The 


conservation of water which w ould otherwise waste; (2) the lessening of damage 

im: areas of high \ water table through changing the location at which percolation 

occurs; and (3) the prevention of landw ard movement of sea Ww ater by i increasing 

‘the elevation of the ground water near the coast. ss A fourth benefit might have | 


mentioned namely, a possible reduction in the pumping lift. 


Tn evi aluating spreading, many factors are. involved. Mr. Laver ty has ably 


dise ussed those which fall within the scope ol of his paper. bis In the course of in- 
vestigations conducted for many years by the alifornia State Division 
7 Water Resources in, and adjacent to, the area covered in the paper, others hav ve 
been considered. hen this is done it may in a particular instance be found 
psa other things that: (1) Only a a . part: of the spread | water is actually con-— 
served ; (2) the intended purpose might be accomplished n more effectiv ely by 
‘means; (3) the purpose might be accomplished e equally well by 


2909-K 


na ; means at less cost; or (4) factors other th: an physical charact teristics or ec conomic — 

133+0 ations control. Within the area covered by the (Fig. 1) 
that differ. sufficiently in their “significant | characteristion to 

on the The author states that Main San Gabriel Basin j is readily replenished by 
e days percolation i in the strea m channels and from the Santa Fe Fe Reser voir. _ He also 
eading shows the effect of changing the place of percolation as related to the area of - 
ter | ter table i in the | low er portion of the | basin. 
stream a Reference to Fig. 5 shows that the general water r table and ground surface — 
almost coincident between El Monte and the southwest corner of the area 

7 
a), Senior Hydr. Engr., California State Div. of Water Resources, Los Angeles, 


of 
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- made in the paper that the normal depth to ground water is an important __ eae 

criterion in selecting spreading sites, and that the minimum depth for economic _ mee 
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- there mapped. _ This co condition i is the result of a pronounced constriction of the 
 Cross- section area through 1 which the oceanward moving ground water in } Main: 
San Gabriel Basin must pass in leaving that basin and entering the Central — 
Coastal Plain. Along the incised channels of San Gabriel River and Rio 
- Hondo the ge general w water table is above the ground. surface so a _ portion of the 
outflow is on the surface in these streams. 
Since the cross section at the constriction (Whittier Narrows) is about 
4 1t alll all | times and the water-table slope tmust- closely approximate that of the 
ground surface, ‘thet underflow i is virtually constant. The so-called rising Ww rater 
oa (that v which originates in the ground water of the basin but flows out on the — 
surface) varies, however, with the general elevation | of the water * table in the 
basin, Since 1923, the relationship between water-table elevation at a long 
= record well near Baldwin Park and the measured | quantity of rising water at the , 
during each year has been quite Ww defined. 
water is that periods of yours materially 
an the long-time average, alternate with about long 
which are correspondingly | dry. 
reflect this “eyclic” variation as well as the variations in supply and 
during each year. In January, 1905, the water table stood at 282 ft above sea 
i 7 By May, 1916, it had risen to 329 ft above, had dropped again to » eleva- 
tion 257 ft by November, , 1931, and in June, 1944, it again stood at 325 ft above 


ea level. a In 1931- 1932, rising water totaled about 31,000 acre-ft and in 1942- 


Mm ey 


o 


1943, about 86 000° acre- “ft. ft. Based on the relationship between water-ta -table 


= elevation and rising w water r mentioned i in the pr eceding peraeart rising water 


“ to Main San Gabriel Basin i is afforded 1 by the changes in err in tthe Tien 
- It is estimated that each foot of rise or fall of the water table at the key well 
represents a ‘change i in storage of about 4,000 acre-ft in the area affected by San 
Gabriel ‘River. Thus, between May, 1916, and November, 1931, a’ total 
000 acre-ft of water came out o of storage i in this portion of the basin. Only 
a little less gone back in during the subsequent wet period. 
_ By far the greater part of the rising water is diverted and used directly on 
the Central Coastal Plain, or percolates i in the channels below the Narrows, or 
is available for spreading i in areas numbered 8 and 9 in Fig. 1. Thus: Main 
7 a San | Gabriel Basin not only stores w ater for use on overlying lands, but serves 
as a partial regulator of the supply to the Central Coastal Plain (basin 24). 
If the interests of the latter area alone were considered, the utilization of all 
possible regulatory storage capacity i in the main basin, “‘Cirotigh ‘spreading ¢ or 
; ~ otherwise adding to the ground water a greater part of the flood flows, would be 
beneficial. — “Any t material increase in in the water so > salvaged would result, how- 
ever, in raising both the average and peak elevations of the water table through- 
out the basin and so increasing the area near the brace wi hich is already 
adversely : affected by a high water table. 


follow ed by the Los Angeles County Flo Flood Control 
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ne 


80 far as may be, the percolation in Main San Gabriel Basin and spreading as 
- much as possible i in the grounds below the Narrows, cannot be justly criticized. - 
Ine evaluating spreading, ‘it is worthy of note that in a basin like Main San 
Gabriel Basin, w here the outflow of rising water is large, and where e it responds: a 
quickly to. changes i in water-table. elevation, the greatest benefit so far as con- 
servation is| concerned accrues to the basin below and requires that a part of the 
water be spread again there. ‘Until the water table is so drawn down as to 
virtually | eliminate the rising water, there is always ample water for use on 
lands overlying the upper basin, so benefit there is limited to that resulting 


from change in location of percolation, ‘mentioned before, and from reduction 


“relativ ely forebay area into “which w water within which 
storage changes occur, and a larger pressure area into which pe percolation from 


are confined and are substantially full of water at all times. a 


hh the forebay, the water table dropped some 50 ft during the dry pe iod 

preceding 1934; it has refilled during the subsequent w wet period, with a con-— 
sideral able flow across the basin onto the pressure area and thence to the e ocean 
at times when the forebay was: full. Ata well not far from the lower boundary 


the pressure near L Long Beach, the level a little more 


In In October, 1945, it 36 ft sea level. 
_— Although ot other wells in the vicinity have recovered a few feet, the rise has" 
in no case approached that in the forebay a area, and if the intended purpose is -_ 
_ to protect against the intrusion of sea water some procedure other than spread- _ 
ing alone seems to be indicated. Since it appears that the deficiency i is due. to. 
the resistance to movement of water through the vestricted cross section of the 
confined aquifers, r rather than to a lack of sufficient water at the source in the. 
: forebay area, reduction of the heavy extractions near the lower boundary of the 
pressure area W ould provide a solution. This would require that a ungereedl 
Supply be provided, either by importation, by the u use of water from some me other — 
source such as reclaimed sewage, or by transferring the cogil to a point 


storage capacity there. The fact ‘that some water 
z= recently because there was not room for it in the basin shows that 
~ extractions during the dry period prior to 1934 were insufficient to draw down 
= water table far enough to provide the capacity necessary to hold the excess’ 
which was available le during the wet period. Had the supply for the lower 
- portion of the pressure area been pumped i in the forebay ay area throughout the 
eycle more storage capacity would have been available near the end of the 
cycle and there would have been less waste. ie te tae 
: oT The measure of the water conserved by spreading or by any other means” 
is the amount by which the waste is reduced thereby. In this case the spread 7 
aaa caused the basin to fill sooner than it otherwise would have with the 
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GLEASON ON WATER SUPPLY Discussions 
<< 4 there mapped. - This condition is the result of a pronounced constriction of the 
_ cross-section area through which the oceanward moving ground water in Main 
San Gabriel Basin must grt in leaving that basin: and entering Central 
Plain. Along the e incised channels: of San Gabriel River and | 
Hondo the general water table i is above the ground surface so a es of the 
Since the cross section a at the constriction (Whittier Narroy ows) is about full 
at all times and the _water- -table slope must. closely approximate. that of the 
- ground surface, the underflow is virtually constant. The so- -called rising w — 


(that Ww hich originates it in the water of t the basin but f out on the 


basin. Since 1923, the relationship between water- table at a Jong 
7 record w well near Baldwin Park and the measured quantity of rising water at the 
‘arrows during each year has been quite well defined. 
One characteristic of Southern California w veather, quite significant from a_ 
: water supply standpoint, is. that periods of several years averaging 1 materially 3 
wetter than the long-time average, alternate with periods about equally long 
ss hich are correspondingly dry. Water-table elevations at the long record well 
reflect t this ‘ “cyclic” variation as well as the variations i in supply and extractions 
during each y year. - January, 1905, the water table stood at 282 ft above sea 
level. By May, 1916, itt had risen to 329 ft above, had dropped again to eleva- 
tion 257 ft by November, 1931, and in June, 1944, it ag again stood at 325 ft : above 


level In 1931- “1932 Tising water totaled 31 000 acre-ft in n 1942— 


- q 119 000 acre- -t—considerable regulation of the still more widely varying ‘supply 
to Main San Gabriel Basin is afforded by the changes i in storage i in the basin. 


It is estimated that each foot of ise or fall of the Ww ater table at the key well 


a represents. a change i in storage of about 4,000 acre-ft in . the area affected by San 
Gabriel ‘River. _- Thus, between May, 1916, and November, 1931, a total of 


288, 000 acre-ft of water came out of storage in this portion of the basin. Only 
little less has gone back in during the subsequent wet period. 


By fa far ‘the gr eater part of the rising water is diverted and used tleilly on 


the Central Coastal Plain + a davecldeed ta in the channels below ‘the Narrows, or 


is available for ‘spreading i in areas numbered 8 8 and 9 in F Fig. 1. Thus Main 
San Gabriel Basin not t only stores water for use on a ovens i but serves 


in main basin, ‘through spreading or 


otherwise adding to the gr -ound water a great eater part of the flood | flows, would be 
beneficial. a ~ Any material increase in the water so salvaged would result, how- 

: ever, in n raising | both the average and peak elevations of the water table through 
out the basin and so increasing the area near the Narrows which is already 

affected by high v water table. Under the circumstances, the 


ee followed by the Los Angeles County Flood Control District, in limiting 
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spreading as 
as in the g 8, , cannot justly. 
In evaluating spreading, it is s worthy 0 of note that i ina basin like Main San b 
‘Gabriel Basin, where the outflow of 1 rising w water is large, and where it responds 
quickly to changes ii in w ater- table elevation, the gr atest benefit so far as con- 
‘servation is. concerned accrues to the basin below and requires that a part of the 
= ater be ‘spread again there. Until the water table is so drawn ¢ down as to - 
‘virtually eliminate the rising water, there is always ample water for use. on 

—— tands | overlying the upper basin, so benefit there is limited to that resulting © 


from change i in location of percolation, mentioned before, and from reduction | 


_ The Central Coastal Plain Basin (No. 24, Fig. 1) is characterized by a 7 
“relatively small forebay area’ into which water percolates and within which 

storage changes occur, and a larger pressure area into which percolation — 
the surface to | pumping aquifers is negligible because of virtually impervious 
‘intervening strata, and changes | in storage are very th the aquifers 


are confined and are substantially full of water at all times. = 


oi oe In the forebay, the water table dropped some 50 ft during the dry period 

ions preceding 1934; it he has refilled during the ‘subsequent wet period, with con-— 

esea ff siderable flow across oss the basin onto the pressure area and thence to the ocean 

Sang at times when the forebay was full. Ata well not far from the lowe er boundary 

bove | of the pressure area near Long Beach, the pressure level decreased a little more 

942- — than 80 ft between 1922 and 1937 and has not again increased since that time. 


table October, 1945, it there stood 36 ft belowsealevel 
vater Although other wells in the vicinity have recovered a few feet, the rise has 7 
he » no case approac -hed that in the forebay area, and if the intended purpose is — 
ft to to protect against the intrusion of sea w water some procedure other than spread- 
ipply ing a alone seems to be indicated. x Since it appears that the deficiency i is due to 

| the resistance to movement of water through the restricted cross section of the 


yasin. 

-wi Oi q confined | aquifers, rather than to a lack of sufficient water at the source in the 

y San ; forebay ar area, reduction of the heavy extractions near the low er boundary of the | = 
tal of _ pressure area would provide a solution. - _ This would require e that a substitute 

Only supply be provided, either by importation, by the use of water from some other 

‘source such ¢ as reclaimed si sewage, or by transferring the p ‘pumping: to a point 


Ws, OF a The re regulation of the cyclically varying supply to the Coastal Plain requires q _ 
Main 7 ‘that large storage capacity be > available there. The fact that ‘some water 

serves wasted recently because there v was not room for it in the basin | shows that 

n 24). j extractions during the dry period prior to 1934 were insufficient to draw down 

of all A the water table far enough to provide the capacity necessary to hold the excess 

ing or Which was available during the w wet period. the supply for the lower 


uldbe & portion of the > pressure area been pumped i in the forebay area throughout ;the 
, how: ‘cycle m more storage capacity w ‘ould have been available near the end of | the 


a The measure of the water conserved by spreading or by any y other means — 
is the ‘mount which the waste is reduced In this case the spread 


GLEASON ON WATER SUPPLY 701 
the 
ain 
full 
ater 
ne 
the 
long 
ym 
ially 
ially 
long 
q 
4 
— 
s, the 
— 
| 


ON WATER SUPPLY 


result that some water would have percolated as wasted. 
Thus, only that part of the spread water which was required in addition to- 
percolation. to just fill the basin was actually conserved. 
_ This leads to the conclusion, that, in a basin that fills periodically, the 
amount that can be conserved is limited by the amount of the extractions until 
such time as average extractions exceed average s supply, i in w hich case th the basin — 
will no longer fill. Ina basin of this : type any water spread during a par ticular. 
eycle i in excess of requirements during that cycle is not conserved. ro However, 
in those cases where storage capacity will ultimately be available to conserve | 
the percolation from larger spreading grounds, the difference between present _ 
_ and probable future costs of acquisition and construction is a factor to be con-' 
sidered. ie the interim at le east a por tion of the area will benefit from de- 
creased pumping costs during periods when the basin is nearly full. In In such a 


4 case economy dictates when the w orks should be constructed. 


Gabriel Basin in that outflow very little with water- table 
and from the Central Coastal Plain in that demand is as great as total supply 
_and the basin does not fill. _ For mi many years prior to ‘July, 1944, at whic *h time, 


— 


o = 


a in accordance with the terms of a court decree, ¢ extractions were limited to the | 
-- safe e yield, the 1e basin we was overdraw n and the w ater table was low ered far below 
d the surface over a large part of the area. . Con ompliance with the terms of the 
= decree requires a large auxiliary supply if ‘the demand is to be satisfied. sfied. Any” 
water conserved, therefore, decreases the amount th: at ‘must be imported or 
otherwise provided. Any water that is spread is virtually all conserved. | 
ih a basin of this: type, spreading or otherwise adding to the ground water : 
an amount considerably in excess s of present needs, | solely. for the purpose: of 
decreasing pumping costs, might prove feasible. F or purposes | of discussion 
it may be assumed that a 25-ft i increase in av erage e elevation of the water table 
throughout a long perio iod of time would produce a negligible change in outflow. ; 


eos 


To produce this increase in elevation a total of about 40,000 acre-ft in excess of 
demand i is required. The safe yield of the basin is about 12,000 acre-ft per yr. 
‘Assuming this to be the amount pumped and tha at “the 25-ft reduetion in lift 
reduces the cost of pumping 1 acre-ft by 50¢, a total importation of 40, 000 
acre-ft produces | an annual saving of $6,000, or 15¢ per acre-ft. _ This justifies — 
ane expenditure of a little less than $3. 00 per acre-ft of water - spread, imported | 
or otherwise supplied. — _ In this | basin, so long as the assumption that ine eased 
water-table elevation does not result in increased outflow holds | true, it makes — 


—_— difference whether the importation is all in one year or spread over a period 


= 


of time. ‘The total determines the benefit. In the ¢ case of Main San Gabriel | 
outflow re sponds quickly to changes" in water- table elevation, 


this would not be true, or 


glib is physically possible to accomplish the other beneficial | purposes enu-— 
“merated earlier in the discussion; namely, protection against saline intrusion 


and improvement of conditions in areas of too high water table through the 
_use of imported water, of reclaimed sewage, or of water obtained by some other 

"means. 4 Such use, as a substitute for water now ‘pumped i in the Central Coastal — 
lain near Long Beach, he en menti one means of pressure 
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PLY 
levels there. — In x some cases it might prove feasible to build up a protecting 
ridge’ against sea- water contamin: ition, by forcing fresh water directly into the 


vith avy ious that petiod wiki water from: some 
other source substituted during the dry period, it would be physically ‘Possible 
to reduce the fluctu: ation of the Ww ater ti able to any desired degree and thus hold 


the: adversely affected area to a minimum at all times. ae 


= Comparative ¢ cost to the consumer is one of the fac tors that determines the 
choice as between spreading and each of the other sources that | might be avuil- 
able. | The cost of water imported from a single source may vary considerably 


under different conditions. That brought from the Colorado River by the 


a Metropolitan Water District of Southern California is an interesting example. 
ion, portions of the area \ Ww hich , ats some time, may be served by it, ‘untreated. 
yply 7 water i is available. — 7 The p price, as fixed by the policy of the District, is ; $8.00 p per 7 
me, acre-ft. In other portions only softened water ean obtained through 
the present facilities. The: price of this water is is $15.00 per acre-ft. In neither 
low ~< does this s cover the total cost of the water, the remainder being cover ed by : 
Any 7 7 The policy of the District requires (1) that except in special cases water be — 
dor only to member entities and (2) that all back must. be 
regardless: of the time when the entity joins the District. 
ater total of the water per acre-f -foot depends in part upon the 
se of amount taken and the assessed valuation of property within the boundaries of — = 
sion = the > entity and, , for a considerable period of time, might exceed $40.00 to certain 
able member cities. It might eventually be less than $ $10.00, plus local distribution — 
flow | costs in portions of the agricultural ar area easterly of the Metropolitan W ater 
88 ol - District treatment plant, where raw W water is av: rails able and assessed valuations | 
r yt not so high. In the case of a basin where the ¢ only ‘ choice is betwe ween spreading 7 
n lift or joining the Distriet and the demand at any time in the future can be satisfied 
000 by spreading alone, this total cost of Colorado River water provides the basis 
tifies comparison. “On the other hand, if membership in the District will ulti- 
orted mately be. the $8.00 or $15.00 charge per acre-ft of water. controls. 
pased é Iti Is impor tant to ) note that w here i increase in supply i 1s, the e objectiv e the ¢ com- 
rakes parison is between cost per- acre- foot available to the consumer rather 7 
eriod between cost per acre-foot delivered at some particular. point in the area by _ 
abriel “the District and cost per acre- -foot ‘spread. 7. ikewise it is the total cost of 
ation, - obtaining any of the stated objectiv es which controls rather than a comparioon, 
Several factors other cost have an important bearing on the of 


procedure. One of these i is comparative quality. The author presents a 
~ comparison of local storm waters with ‘supplies available from certain o a 
sourees, Chemical | analyses of Colorado River water ‘reaching the treatment 
plant: and of vater leaving the plant, are now available, Averages, 


: 
ing parts per million by weight, for year r ending June 30, 1986, are as follows: —— 
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For many purposes both this w ater and the waters d described by the author 


are entirely satisfactory. For other uses additional treatment 1 may be re required 


and one source or the other is preferable. _ The prejudice against the direct 


use of treated sewage for domestic purposes is difficult to overcome and must be 
recognized. was stated early in the discussion, factors other than physical 
characteristics and economic considerations sometimes control. In an area 


like that tributary. to San Gabriel River, where a high stage of cultural dev elop- 


ment has been attained, the interests of one part | of an area might best: be be 
a & by ond procedure: those in another pa part by. another. . Benefits to one 


entity might well result in injury to another. — An organization like the Los 
Angeles County Flood Control District, which is authorized to 0 spread, but not 
to 7 water, must serve these diverse interests as equitably as possible. 7 
‘The Metropolitan W Water District, which has provided facilities through 
—_ vhich an -ample supply | can be brought in, has been mentioned as a possible 
. source of imported w ater. _ This supply is not actually available, however, to 
a particular area until the voters of that area are convinced that their interests 


are best serv ed by joining the District and wa ony if the area is one considered 


ey In Main San Gabriel Basin no entity is a member at at present (1946). ; In the 


Central Coastal Plain, Long Beach and | Compton are members but both are 
still heavy producers from the ground water in the lower portion of the area. 
‘Until such time as a greater part of the ¢ area has a flexible source of auxiliary 
supply available to it and means are provided by which the cost of improving 
the pattern of pumping on the Coastal Plain can be distributed equitably, it is 
4g improbable that the ideal procedure ¢ can be followed. Consideration of all the 
factors involved, in or der that the best procedure possible under the existing and 


most, probable future circumstances may be worked out, how ever, is justified. 


All large of were brought a suit; 

Pe decree finally was entered which fixed ‘the pumping rights of each’ at an 
- amount such that the total w ould not exceed the safe yield; a w -atermaster was 
- appointed to enforce the terms of the decree. The court retained jurisdiction 
“and provided for modification of decreed rights with changes in safe yield. 
Through an exchange agreement which was incorporated i in the: decree, each 
entity has available to if it w whatever water is required in “excess of its decreed 
right. ‘Under this | arrangement the cost of importation and benefits| derived 
ela spread Ww ater are shared. In this basin spreading can be evaluated ac 


on the basis of comparative « costs for equivalent benefits. 
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TATION IN HYDRAULIC Ss TRUCTURES 
ist be 4 
BYJAMES W. BALL, AND FRED LocHER 
st be da AMES W. BALL L," 1 Assoc. M. Am. Soc. E. first Symposium paper, 
Oo one concerning the nature of cavitation, is an excellent contribution to the engi-— 
e Los _ neering profession . Although it is concise and clearly written, it would not be _ _ 
it not without the illustrations from the remaining Symposium papers. It 4 
ble. | is gratifying to note that the authors, by using absolute instead of gage pressure 
rough asa . datum, have avoided the confusing term ‘ ‘negative | pressure approaching, i 
rssible or exceeding, the vapor pressure” used by so many authors of papers on cavita-_ 
rer, to tion. How ever, it seems | that the term “vapor tension” should be used instead - ‘ 
verests | of “ vapor pressure” when cavitation is is concerned. Vv: ‘apor tension is defined — f 

idered as the maximum vapor pressure that occurs when there i is an abundance of gs 
liquid present. —Itisa special value of vapor pressure that occurs in connection | 
th are Gate Grooves.—The problem of. cavitation erosion below gate grooves, as 
> area. - described for Parker Dam on se Colorado River r by Mr. Warnock, is not a new 7 


xiliary ‘nor is its remedy 1 new. In 1945, “Abraham Streiff, M. Am. Boe. C. 
roving § cited examples of these problems that had occurred 40 years earlier (71). mb 


y, itis § ‘The two most practic: ible remedial measures cited by Mr. Streiff, are almost — 
all the “identical t to those evolved independently and 40 years later . The: solutions, — 
ngand FF nowas then, : are mainly 0 of two types—(1) deflectors placed d upstream or down- 


tified. stream from the gate grooves and (2) specially-shaped piers. TS. 


solved Shoshone Dam Balanced Valves.—To complete the story ‘concerning cavita-— 
a suit; _ tion in the balanced valve outlets at Shoshone Dam near Cody, Wyo., gi pre- 
at an - sented by Mr. Warnock in the Symposium, , it is necessary to relate what 

ter was: happened during the 1944 and 1945 irrigation seasons. — _ The demand for water 
diction __ Norr.—This Symposium was ae in September, 1945, Proceedings. Discussion on this Sym- 
' yield. posium has appeared in Proceedings, as follows: December, 19-45, by C. A. Mockmore; February, 1946, 
: y Joseph N. Bradley; March, 1946, by J. M. Robertson, and Fred W. Blaisdell; and April, 1946, by John 


Jecreed 4 Engr., U. S. Bureau of Reclamation, Dept. of Interior, Denver, Colo. sod 


ue Received by the Secretary March 19, 1946. 
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__ for irrigation and domestic use e below Shoshone ! Dam during these two vO Seasons 

was such that it has not been practicable to operate the 58-in. balanced valves 

_in the noncritical range indicated by the model studies. As a result there has 

_ been pitting, slightly less severe, but in in the same zones as before—extensive 
—*€** being required. This is only” one of many examples of the fact that 


_-geale models are invaluable instr uments for determining the adequacy of pro- 


posed a or existing designs: of hydraulie structures. 
Boulder Dam /Spillw ay Tunnels. —Since the Symposium was presented 


(before the Hy draulies Division’ of the Society at the Annual Meeting in. 
i January, 1944), the spillw ay ti tunnel on the Nevada bs ank | of the C olorado River 
at Boulder Dam has been unw watered and inspected. a Numerous discontinuities 
in the form of protruding pipes, humps, depressions, and ‘“‘gobs” of concrete o 
the flow boundary we ere found. Cavitation erosion had occurred i in t the sur- 


faces downstream from several of the pipes and ‘ “gobs” of concrete. Rough 


Se ere noted below the other dise ontinuities but the appearance in these 


cases was such that cav ritation could not be established definitely as the cause. 


_ ‘The quantity of water which passed through tl this tunnel in the fall of 1941 was 
~ much smaller than that discharged by the s spillway on the Arizona side. It 
seems fortunate that the quantity was small and that the period of operation 
<@ ras short, for many of the discontinuities reported v would have caused cavita- 

ti 


on that might have produced. destructive pitting g of the ‘magnitude of that 

- ir Temporary N eedle-Valve Outlets at Grand Coulee Dam.—The flow of the 

Columbia River rat G Grand Coulee Dam exceeds the capacity of the left pow er 

house during most of the low-1 -water season; thus, some method had to be 
provided for releasing the excess" water downstream during the inspection, 

- repair, and maintenance operations to the underwater part of the spillw ay face 

Re The plan developed for this purpose involved the installation of eight 84-in. 


= needle valves (available for loan from another. project) between the | power pen- | 
stocks and the unfinished turbine draft tubes of the right powerhouse. Steel 
‘cones and elbows connected the valves to the ends of the penstocks, and special 
steel transition elbows, embedded in concrete anchor blocks, — completed t! the 


; passages from the valves to the draft tubes from which the water r discharged i 


i One of the outlets was operated for the ions time on May 25, 1945, to check 
operating characteristics. That cavitation was occurring in the outlet passage 
= from the needle valve over nearly the full ‘range > of valve opening 
was indicated by the severe vibration and noise (crepitation) at these openings. 
- he noise resembled the crackling of a large number of of small firecrackers ex- 
BP in rapid succession, w ith intermittent loud popping reports. The 
vibration 1 was so severe that it could be detected easily through the soles of the 


+H shoes of anyone standing | on the roof or on other. concrete surfaces of the powel- f | 


4 house in the bay in which the valve was situated. * Vibrations in the concrete 


_ anchor block, encasing the transition elbow and forming the passage between 4 
it and the eeu: part of the draft tube, were of such intensity as to resemble 4 


sharp blows with a small hammer on the soles of the shoes of persons standing 


| 
= 
4 
| 
| 


7 on on the anchor block. 4 These vibrations were so severe that they were recorded _ ; 
_— at a seismograph ‘station a short distance e upstream from the dam on the shore 
After approximately 2 hours of operation at various. valve openings (15 
min at full capacity) the outlet was unw atered and inspected. — Small areas of 
- paint wer e missing from the inner curve of the transition elbow on both sides — 
_ of the center line below the joints between the last four sec ctions of the elbow. 
This condition seemed to be 
I It of local 
River the result of local zones of 

cavitation induced by the in- n- ay 
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s f Units Right Pi H 
the: joints, although ‘no pit-— 
sur- Transverse Center 
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Dam (NEEDLE VaLVE Not SHOWN) 


ted the Inv view of the ‘indistinct 


charged markings and the ‘undefined 


ae boundaries of the zones of erosion in the initial test, , no photographs were 
to check taken. Moreover, additional operation of the outlet was desirable to establish 


passage | ev idence | for study and analysis. ca ‘Minor changes i in n the vent system § and test 


opening F> equipment were “made and the test was resumed, the valve being operated for 
pening: hour at various is openings, and at full capacity for 2 hours. 


‘in The areas from which the paint had been removed in the initial test had 


increased in in size, and their boundaries had become defined clearly. Although 
the bared metal surface in these areas showed no evidence of pitting, cavitation 
was considered to have been the cause of the removal of paint. The weld beads 


and the. joints of the elbow combined to form na boundary of div erging surfaces, 
with the result that zones were formed immediately downstream from 


resemble joints, in which the pressure was reduced to the vapor tension of the water. 


standi : : The | cavitation cavities for ming in these zones collapsed to pit and remov “— the 
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BALL ON CAVITATION ‘Discussions. 
paint as as the pressure increased in the area just above the next welded joint.. 
‘The fact that this condition existed to each side of the center line on the i inner 
curve of the elbow and not at other points was attributed to the fact that t the 


flow” is analogous: to that in sharp” bends (considering the axis of the bends 
‘somew here between the horizontal and vertical planes)—and tl these regions are 


: ‘subject to low pressures regardless « of discontinuities in the boundary sur face. 


cme The areas of cavitation erosion adjacent to the exit of the transition elbow 
in the back wall of the concrete anchor block, immediately dow nstr eam fr om | 
the areas from which the paint had been esniowel, resulted from the cavitation | 
originating at the last weld joint « of the transition elbow. 


The surface of the first- -stage ge concrete at the hack of the draft tube and 


- directly beneath the exit of the elbow was pocked extensively (Fig. 57). - It w as 
believed that a zone of cavitation was formed adjacent to the wall immediately 


ne under the exit of the transition elbow, back of the flowing jet, and that the 


cavities collapsed as as they reached the lian af this s zone, where the pressure was 
greater than the vapor tension of the water , eroding the surfaces to produce the 


pocked ‘appearance. — ‘The inclination of the . surface of the last section of the 
oma and the receding _anchor-t -block wal sean below, combined to 


form the discontinuity producing, this zone. 


In addition to the —- areas, which w Ww ere more distinct than at the con- 


cause was not AY Giz in. by 30 i in. 4 had 
_ been torn from the concrete floor of the draft tube (Fig. 58). . Although the 


- surface adjacent to ‘the recess formed by the removal of the ps atch was rough, 
static pressure beneath the w Ww edge- shaped patch, | with the thick edge of the 
wedge at at the e surface, was believed to have caused the patch to “pop out. ” Tt It 


"was considered inadvisable to operate. the « outlet unit without patching the 
8 therefore, the testing was discontinued pending the re and alteration 


of parts of the flow passage below the valve. 
4 ~The weld beads at the joints in the inner curve of the steel transition elbow 


on both sides wether dose center line, v where cavitation pitting Ww was indicated, \ were 
chipped and ground, and all eroded areas were smoothed and repainted a 


_ A groove, 6 i ‘in. deep a and 6 in. high at the back of the anchor block, Ww ith the 


bottom sloping 45° downward toward the center of of the anchor dome, was 
chipped i in the wall below the | exit of the steel elbow. hae he groove extended 


approximately ¢ 301 in. . beyond the extremities of the exit opening and all concrete 


that mij might protrude into the flow was removed from the wall of the anchor 


block. — This groove is just below the exit in . Fig 59. erry rare 


All All he pocks in the we all of the anchor block ck beneath the elbow ai and i in n the 
curved surface of the back of the draft: tube w were chipped and repaired and all 
prominent irregularities were removed. bg Nr new patch was placed in the recess 


of the old wedge- shaped patch after it had been n chipped to for ‘ma keyway, and 


: five dowel rods were gr grouted i in holes drilled several inches below the bottom 


When tl the testing was resumed both 18-in. air vents were opened, 


and observations were made with the valve at various openings, to study the 


in 1 vibration of parts | of rerhouse structure adjacent to the 


ge. 
— 
| 


| joint.-[% outlet and to study a phenomenon of light ‘flashes’ ’ reported to exist in aad 

e inner tailrace dowr nstream from the 2 outlet de during its initial operation. —_ 

rat the The vibration, although severe, was less than in the previous test when i 


ons are back of the outlet jet as it plunged from the transition elbow into the back of the 
1 elbow _ “Flashes’”” of light resembling sheet lightning were ‘observed i in the tailrace 
n from immediately downstream from the draft-tube exit. The occurrence was ir- 


bends 18-in. vent into the dome of the anchor block was closed, and no. air reached the a 


itation , regular a and varied in extent, being of a a singular: nature much of the time, but _ 

en 4 ‘often having the appearance of a network of brilliant, irregular, shimmering ’ 

be and |. light bands extending some di distance downstream and to the sides of the outlet. © 

It: was When the spectacle could not be | detected in darkness, it was concluded that | 

diately [> the phenomenon was not electrical, but resulted from pressure waves that 

hat the F changed the refractive ¢ and reflective | properties of the water as they clon 


ure was yard into the tailrace. Since there were zones of cavitation in the outlet 


luce the |) between the e valve a and the draft-tube e exit, it was believed that the pressure 
1 of the "waves originated from the collapse of cavitation cavities; however, it was se 
ined to - possible to obtain a correlation. — Photographic records were unsatisfactory. = 
The light” “flashes” and crepitation accompanying the ¢ operation of the > outlet 


che con- were evidence that cavitation had not been eliminated. — Proof of this was — 
hich the | | obtained when the outlet was unwatered after ‘approximately 6 hours of — 7 

ugh the ‘Ther pitting in the transition and in back wall of the anchor- 


s rough, dome, below, and to each side. of the center line of the elbow exit, was not : 

eG 2 the eliminated by the grinding of the w velded joints of the elbow. There e was No 

ut. It cavitation erosion in the old concrete at the back of the draft ‘tube or in the 4 

ring the lower part of the anchor block. - The aeration groove in the back wall of the — ol 


iteration anchor block below the exit of the transition | elbow eliminated this condition : 


7s <2 The patch in in the floor at the back of the draft tube, which had been replaced 7 


yn elbow [4 after being torn from its recess in the. previous test, was missing ; and there was 

ed, were fo evidence of cavitation erosion in the surrounding surface which had not been 


‘the case in previous operations (Fig. 59). The five dowels of reinforcing steel 


with the [7 had remained in the recess, but the grout around them had been removed to a 
me, was fF “depth of from 1 1 in. to 2 in. below the bottom of the Tees. . No ‘doubt tremend- 
forces were e involved. Since it was desirable to establish the nature and 


concrete extent of the ‘destructive: forces acting to damage the outlet, » Or to it” 
e anchor Fy inoperable, the test was continued for 16 hours with the vs valve discharging at 


nd in the _ Examination after a a total of 23 hours of operation at full capacity disclosed 
d and all 1 that, except for one area about 6 in. in diameter which had a spongy y appear- 
he recess : ance, there was little change in the a ppearance or extent of the areas from w which ~ 
way, and 4 the paint had been removed in the sections of the steel transition elbow. Ap-— | 
: bottom 4 parently the chipping and grinding o of the bie beads at the joints had not re- 
duced the discontinuities in the to ‘elimin 
the cavitation at ‘the i inner curve of the elbow. 
ae dee the ; ‘The pitting in the areas on the wall of the anchor block : immediately | below . 
7 the elbow exit had deepened and increased slightly in size, and a ted 
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BALL ON CAVITATION 
area had formed directly below that which had occurred to the left of the center 
_ line and just below | the exit of the elbow during the first 6 hours of operation 
(Fig. 60) . The destructive action appeared to result from. local zone of 
- cavitation formed when the flow near the boundary struck within the pocket | 
just a above and | was deflected. — This action is evidenced | by the the virtually un- > 
damaged surface rem: remaining between the two eroded areas. 
: There was still no indication of cavitation between the back 9 wall of the 
‘anchor block and the outlet flow, _ proving that the aeration groove below the 
elbow exit had served its purpose. 
: _ After the outlet had 1 operated : at full capacity | for 23 hours, there was a band — 
of shallow | pits in the concrete surface along the top and on both sides of the 
: nae which the patch | had been | tor: n during tl the first 6 hours 0: of f operation. 
An area extending 5 ft below the downstream edge and approximately 18 in, 


a 


- 


Gees 


ae 


te each side of the recess was pitted severely exposing several bars of reinforcing ~ 4 
ore were battered sever rely where they had contacted one another during the 
was not possible to force the longitudinal bars onto 
; exe was missing | from one of t the longitudinal bars, and the: appearance ¢ of the : | 
flowing water. The maximum depth « of cavitation erosion immediately d dow n- 
a from. the recess was 18 in, ay 
a The source of the cavitation ¢ ausing thie. damage was not apparent im- a 
mediately, but seemed to have or riginated from either irregular rities in t the flow 1 
_ boundary or the tendency of the high-velocity jet from the elbow to deflect 
after striking the curved surface upstream. es A \ survey ¢ of the concrete surface, 
adjacent to the pitted area, made several days after the test operations of 
August 7, 8, and 9, 1945, disclosed irregularities i in the boundary surface | to be 
the source. _ Longitudinal sections through the pocket and ‘on adjacent sur- 
faces showed a transverse discontinuity | in the surface a few inches upstream — 
the concrete a short distance downstream. A ‘maximum offset of 3 = | in. was 
tion cavities formed in the zone just downstream from the inflection pr spa 
the patch was gone, a local ¢ condition, produced by the irregularity formed by 
Cavitation er erosion, once started, will occur progressively "where the curva- 
ture of the boundary surface i is into the flow, since high-velocity flow | striking 
pitting the surface a short distance downstream. The two areas in the wall of 
the anchor block below and to the left of the exit of the transition elbow are 


- steel (Fig. 60). All the wire ties were missing from the e intersections and the 
, Zz . The wear r of the transverse bars oceurr ed to the left of t the natural inter- — 
areas by hand, indicating that tremendous forces had been involved. © A short 
remaining ends indicated a recent break due iene: vibration induced by the 

from the re recess (Fig. 61) . The surface at this section receded ampere 2 to meet 
noted to the Tight | of the patch recess. Apparently the the collapse of the cavita- 
severe vibration with force changes that tore the patch from its recess. — Once 

this action, caused the s severe e damage immediately ‘downstream. 
the roughened surface will form small cavitation pockets, 1 which will result in | 
evidence ‘this is Later tes outlet indicated same 


| 
vol 
00 
Fig. 
‘ 
was 
Wome idea of the magnitude oi the forces present in the drait-tube part § a 
outlet is indicated by the fact that two of the four cast gratings to the 


valves of the unwatering pumps, in the sides of the draft- tube piers (weight 


_ about 0.75 tons) were torn from their six j-in. . anchor bolts, v which were dam- 


." _ After a study a and discussion of the results of the 23-hr test, it w was concluded 
that certain alterations and re repairs ‘should be made, and a test performed to 
_ determine if ‘satisfactory operation of the 84-in. needle valve would result at at. 
partial opening. The areas on the i inner curve of the transition elbow between 
‘the joints of the steel sections from which the paint had been removed by cavita- : 
tion were « cleaned and repainted. _ The holes eroded in the back wall of the 
concrete anchor block immediately below the exit of the transition elbow were 
repaired by chipping and patching. The crater like hole b below the recess from: 
which the doweled patch had been torn, and the concrete surface adjacent to 
- the discontinuity inducing the caviation (which damaged the surface along the a 


upstream edge) and to each s side of the recess, were ‘chipped to form sinatead large 


7 
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DIAGRAM SHOWING 
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ScaleinFeet we 2 of 
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Fra. 61. EY OF Crem. Surrace at Back ¢ OF Tune AFTER ‘Test OPERATIONS 


ess (Fig. 61). This recess was filled with a special having negligible 
‘tomes 1e change and a screed used to change the form of the discontinuity to one 


, yh general the discontinuity w was changed from one receding from the flow 7 
* one encroaching upon it . The difference in the two types is illustrated i nll 

61(b) by the e intersecting : ares AA and BB, respectively 

_ Since the vibration of the outlet had been much less at smaller openings, it 

Was planned to conduct { the first operation n of the next test at 40% valve open- 


ing, operating a at this position for 2 24 hours or until damage was indicated. An 


— 
Le 
4 
be 
sur- 
neet 
was 
urva- 
ult 
vall of 
same 
part Was then to be made 
to the ull capacitv. The two. OP 
pacity. The two 18-in. vents—one increments to 
the air manifold below the v: oa 


- and the other in the dome of the anchor -block—were to remain open. . To 
assist in locating any damaged area in the he vicinity of the new patch, grid: 


painted on the floor of the draft tube. De... 
Except for an occasional ‘ ‘bump” there was little vibration during the 24- hr 
period. Apparently back pressure from the tailwater damped the 
en since severe pitting from cavitation action  occurr ed on the inner curve 
4 the elbow and in the anchor-block wall just below the elbow exit on each side 
“of its center line. _ However, the damage was more extensive. _ Deep holes 
a _ were eroded in the wall in an area extending several feet below the elbow exit. 
4 _ Intermittently, and in small quantities, air entered the vent in the dome of the 
= block during the test , indicating that the aeration groove e at the back 
of the anchor and immediately below the exit was not receiving air continuously. 
at action caused the erosion to be more severe than that for the e previous 
4 operation when the outlet discharged at full capacity for 23 hours. Bikes 
In addition to the cavitation erosion below | the elbow exit, there was i 
3 craterlike hole in ‘the back curve of the draft tube just below its junction with 
_ Examination of this pocket disclosed that a patch, placed 
- during the isttiueaitinn of the draft tube, had been torn from its recess, forming 
8 local condition similar to that , resulting when the larger patch, several feet 
4 dow nstream, was torn out in the previous test. Severe vibration, the result 
¥ of fluctuating pressures, , loosened the patch and it was then torn out by the 
dail ‘The repaired surface in the area of the larger patch, in which the discontinu- 
ity discovered at the end ¢ of the previous test had | been made noncritical, re 
‘mained intact with no damage whatever. indicated. ‘The | alteration of the 
p -discontinuity to remove the offset, as shown in Fig. 61, had removed the source 
of cavitation and thus the cavitation erosion. 
Testing, ¢ consuming a total of 9 hours, w was continued at valve openings of 
60%, 80%, and 100% without repairing the damaged areas. Inspections Ww ere 
made a and photographs ¢ obtained after each operation, = hae 
— depth and extent of the cavitation | erosion increased progressive ely in | 
9 _ areas except the upstream end of the craterlike hole in the back wall of the 
ne & tube where the patch had been torn from its recess. The surface in this 
region remained unchanged during the test operations w: with the larger valve 
openings, indicating that the aeration | groove in the anchor- -block wall back of 
transition elbow exit” was receiving ‘sufficient air to allow the jet to 
directed farther downstream where it struck the roughened surfac ce, deflected to. 
form a cavitation zone, and caused erosion downstr eam. 
_ From the tests described herein, it was concluded that: the cavitation in nthe 
needle-valve outlet at Grand Coulee Dam was induced mainly 
~ local | irregularities in the the sur face o of the flow boundary and not b by an over-all 
Towering of the pressure in 1 the system. - Attempts are being made to correct t 
all local discontinuities: 80 that satisfactory operation will result at — 
60% and 90%. Air introduced by drilling two 36-in. diameter vent 
holes into the dome of the anchor block has served to reduce the vibration to4 
bet alterations to the water passage below the valves 
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red that discontina- ) 
ities of less than 3 in. are suficient to poner zones of cavitation in high- 
velocity flow. It would be inter esting to know, fora given velocity, tt the maxi- 
mum dis that would not t produce a a cavitation zone. 
essive in instances where the into, 
a stream of high velocity, =, a crater of ‘sufficient size is formed to reduce te 
a reduction i in pr essure th: at would induce Furthermore, 
if the curvature is moving away from the flow boundary, it is possible that the | 
eavitation erosion will reach a depth representing a sudden | enlargement; and 
the > collapse of cavitation cavities, if any, will ocet cur in the fluid before t the 
boundary sur surface is contacted. The: depth of the er osion in this ¢ case, of — 
will be much less than that for the qneronching boundary. 
Frep Locner,” Esa. is to to consider cavitation as a - 
“hom 1enon created by a defect in the design of the boundary. — This theory is not 
alw ays true and (as has been stated by Professor Vennard, 1 who mentions | the 
4 fact briefly under the heading, “ ‘Formation of the Cavity”’) cavitation can a 
_ result f from t the mixing of two jets. A A typical example of this type of cavitation 
= ‘occurs in a jet pump, which is shown schematically i in Fig. 62 . The high- 
velocity jet from the nozzle i impinges on the center of a low-velocity jet “ae 
the ‘ ‘driven water.” — The two masses combine and in so doing produce a_ 
_ tremendous tasbilones and a large number of rapidly whirling vortices whose 
speed of rotation varies swith the relative velocities of the two jets. The 
vortices are widely dispersed throughout the 1 mixing zone, most of them being 
dissipated i in the fluid. - However, a number of the vortices (the most rapidly _ 
sere: 
rotating and dangerous 0 ones as far as cavitation and pitting are concerned), 7 
=z to the boundary along the line forming the junction between the mixing 
zone and the driven water. — Ww hen this condition occurs in a region where the 
erage pressure in the fluid is subatmospheric, but not necessarily sufficiently 
to cause cavitation, vapor pockets form at at the center of the vortices. They 
collapse as they move to the boundaries, and at the same time travel down- 


-stream | toa \ region of higher pressure, causing severe pitting in the region indi- 


al he writer conducted a series of tests on a jet pump to determine its effici- 

~ eney and to find a method for reducing cavitation in ‘the mixing tube. Tt was 
found | that cavitation could be eliminated t to some extent for certain operating 
ranges by proper design. — However, the pump was controlled by a needle in 
the nozzle to permit operation under w idely varying conditions in the field. 
Under these circumstances it is not possible to operate throughout the entire : 
range | without cavitation . Piezometers i in the n mixing tube of the model f pump 
and on the downstream face of ‘the nozzle did not indicate e pressures lower —_ a 


_ one half of an atmosphere; but even 80, , operation with these pressures produced 
“severe cavitation in the mixing tube. Further study revealed that pitting 
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Discussions 


ccurred at, and immediately « downstream from, the point Ww where the mixing Bo 
first came in contact with the walls of the tube (Fig. 62). 
_ When it became apparent that cavitation and pitting in the mixing tube 
aa caused by vortex action, the problem c of reducing | or eliminating vec 


efficiency of the. jet to nero have made it in- 


the of the tube wo rould have’ had little 
if any effect on the ultimate results because the change would only produce a 
different point. at v Ww vhich cavitation would occur. — The redeeming feature, how- 
ever, was the fact t that a v very small volume of of air, , admitted at the proper place, | 
eliminated cavitation as effectively as the of a lar ge quantity to other 
regions. ts The unique nature of cavitation in the jet pump required that an : 

alr vent be placed at the downstream face of the nozzle as shown in Fig. 62, 

y The effects of this air vent were gr: gratifying; there was no appreciable reduction 
in efficiency and the pitting was eliminated in the “critical operating ranges. 


oe vents have since been installed on a number jet pumps with satis- 


(71) Engineering N Ne s-Record , August 23, 1945, p. 7€ oti: 
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DISCUSSIONS 
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a when the “soil certain v “en 
shearing; and it exerts forces on the soil. The » author describes the water — 7 
forces i in general terms w hich, to the e engineer, do not present a a clear | picture of _ 
the true nature of the effects. _ He mentions (see heading, “Landslides”) that. 
“The weight of ‘the added w vater alone may overstress the material in such 
This thought, which is expressed in several places i in the paper, 
needs some clarification, since a slope submerged, with no seepage, is safer 
than one that is not submerged although the “weight of added w ater’’ is ‘much 
_ more. _ The seepage forces—the forces tending 1 to cause slope f failure—result 
from the difference in water pressures. (that is, a a sloping w water r table) . Ifa a 
* net can be drawn for any slope, the seepage f forces can be evaluated. 7 
The’ question 1 as to whether a slope is safe against ‘rupture is one of me- 

chanies: Failure occurs when the forces actuating the possible failure exceed 
the forces resisting such a failure. . There are sever al types of slope movement 
that do not lend themselves to a ‘quantitative analysis because of the ‘difficulty — 
of eve uluating, accurately, the actuating or resisting forces. _ An example of an 

di indeterminate actuating force is the force that an earthquake exerts o onas lope. a 

of Likewise it is sometimes impossible to determine the shearing resistance of the 

soil that exists at incipient failure. Geology is a science that is helpful 


: formulating a more complete understanding of factors affecting these two eee : 


¥ To pendent a picture of the forces acting on a slope, an element of soil from 
an an infinite slope \ will be analyzed, first w without seepage forces and , Second, with © 
Seepage: forces. (A description of the n methods of analyzing slopes. has been 
‘presented elsewhere re by D. W. Taylor,‘ Assoc. M. ASCE. 


* Nore. —This paper by Hyde Forbes was published in February, 1946, Proceedings. cere 
us 3 Instructor of Soil Mechanics, Civ. Eng. Dept., Mass. Inst. Tech., Cambridge, Mass. en 

Stability of of Earth Slopes,” by D. W. Tay ylor, Journal, Boston Soc. of Civ. Engrs., 1937, p.197. 
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1S 


In ‘Fig. 13 the height of a soil element; @ is the angle of inclination 
of the slope; ¥ is the unit w eight. of soil; and ¢ is the angle of internal friction 
soil. actuating unit. forces, which are shown by solid I in 


. area 


the resisting unit forces, which are show n by ds nes in Fig. 1 


= frictional resistance = W, tang =yH cos? a tan 


7 Fors stability y the resisting forces must exceed the ac tuating forces es along the 
E plane of failure; that is, F r+ c C>W, . The factor of safety (FS) with ‘Tespect: 
The only effect of complete si submer with. no seepage, i in i expression 
for FS is to change y (submergence may cause minor changes in ¢). . The value 


aut 


Hcos 


of ty for « a | slope @ above: the water table is the unit weight of soil, plus any ¢ ll 
lary moisture, ai as this total weight is carried by the soil structure. When the © 


7 slope is submerged, the | effect of buoyancy ca: can n be taken care ¢ of of by usin using | the 5 


aa two limiting types of soil are the cohesionless type (which is approached — 
clean sands) and the highly cohesive type (which is a by stiff 
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clays). If the soil in question is cohesionless, C is equal to ze 
becomes 

sina 
1e only criterion for stability of a cohesionless slope i is that @ be greater than 
submergence or height of element has no effect. 
Tf the soil is highly cohesive, submergence makes the slope have a higher FS 
‘against movement. _ This can be demonstrated from the fact that submergence 


decreases both F and W, by replacing ng y with | the buoy ed unit weight, whereas 


( remains 18 unchanged i in the | expression FS =| Ww. a When F and W, are 
decreased, C remaining constant, the factor of safety increases. Since all 
soils fall betw een the two limiting « cases, the effect of submergence, without z= 
7 seepage, varies from not changing the FS to making the FS larger. ‘This - 
effect of submergence with no seepage is common know ledge tha that can be scum - 


‘The water content of a soil can be increased by capillary action; this water - 

‘content would make the slope less safe as s the increased w veight would have to Oo 

be carried by the soil structure. In Eq. 3, F and We , would be increased be- 
ease of the increased although Cc remained unchanged. Drains within the 

“slope wo would not remove the capillary ‘moisture. — _ This condition i is not to be 

confused with analyzed conditions of complete 
‘The detrimental forces of water are the seepage forces which the water im- 
parts to soil. Seepage f forces act in the direction of the seepage e and 


equal to 
7 


in which Ji ‘is the seepage force per i is the gradient, or lost per 
distance tr raveled and Yw is the unit w eight o of w rater. Seepage force when 
directed ‘upward, having reached a magnitude greater than the weight ‘of the 


q 
“soil, causes “quicksand. i, Seepage forces *s may be evaluated in one of two 


Pore by consideration | of the actual see seepage foree, or (2) | by consideration 
of the e boundary wi ater pressures, Ww hich are the pressures that make ‘up the 
seepage force - In most soil problems it is more convenient to use the boundary _ 
water pressures. _ The results obtained from the two methods are identical. 
- show the fundamentals of the seepage force, an element from an infinite 
- slope i in which seepage is taking place throughout the mass parallel to the loge 
(that. is, the top flow line coincides with the slope surface) will be analyzed 4 
z& both methods. Any slope for which a flow net can be drawn can be - 
alyzed, but the very simple infinite slope is selected as it shows the fundamen- 
tals clearly without unnecessarily complicating the problem. The forces acting 
— on the element in Fig. 14(a) are determined by the two o methods and ‘super 
imposed in the force polygon shown in Fig. 
‘The forces on the element are first set ‘up using the actual seepage force. 
Let y, be the total unit weight of soil and water; : Ys the submerged, or buoyed, — 
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for ces, shown by solid lines in Fig. 14, are then: 


‘submerg ged weight of soil H 


Ye 
Wen = = nor mal component of W, = =7H cos? a aL . (6b) 


= unit seepage force = =e sin @ COS @.... 


3 


(@) INFINITE FORCE POLYGON 


and the resisting unit forces, are shown t by dashed lines, are: C equals 


- The » forces on the element are now set up using the total soil w ‘lias ‘and 
water pressures. actuating unit forces shown by the dotted 
= normal component of He a. b) 


=s shearing of = Ye H si 


it = 

y dashed lin i 


= frictional resistance = (Wi - 


= 
— 
— 
| 
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Since Ys Yo = 1S 
submerged, or soil equals the shearing component of the total w veight. 
‘For the same reason the friction components by the two methods are alike. 
~The force “polygon | shows that the two methods give identical results. As 


before the criterion of failure is whether or not the sum of actuating forces’ 
exceeds the sum of the resisting forces. 


The force e polygon i in Fig. 14(b) clearly indicates the effect of seepage. _ In 
this case seepage has s added an actuating force of about the same magnitude as as. 

the gravity force since for most soils: Ys i8 close in value to Vw: 
o- The slope on the “West Side of Bernal Avenue,” of course, is made much 
safer by the instalment of the “Arlington Street Drainpipe”’ (see heading, © 
“Slides Due to Water Pressure: Bernal Avenue Cut Slide Cansoned at Arlington 
Street’ ’); but this added safety is provided by the removal of seepage forces, or 
differences of water pressure—not simply from the “release of water pressure.” 
This is apparent from the fact that had the entire slope been submerged, al- 


water pressures have been increased, ‘the slope would have 
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By HARRY W. LOCHNER, AND FRED LAVIS 


He 


Harry W. Locuner,’ M. ASCE.*—In the development of an expresswa ay 
pian for the average city, a sound and realistic viewpoint must be maintained. 
‘The plan should embody the ultimate improvement. of the : system 1 with pro- 
vision for building: usable units funds become available. Barnett 
im mentions the past inadequacy of appr ropriations to develop the rural highway 


system. In most cases the development of fa highway plan for urban areas 


The Federal Highway Act of 1944 authorized $1,500,000, 000 for highway — 


‘improvements during the first three years after the: end of W orld W ar dina 


ete to previous s federal highway appropriations, that ‘sum a appears very 
large, but in reality it is small compared to the n need in ur ban highway improve-— 


ment. ‘ Federal funds for urban areas are allocated ona gine basis, to ; 


As an Federal High ay System, as proposed under 
i Act, , calls for five Interstate highways entering Louisville, Ky., 8 city of 
approximately 300, 000. When n federal funds have been matched by local 
appropriations, | a three-year | program inv olving the expenditure of approxi- 
- mately $3,500,000 will be possible . That sum is to be considered in relation to 
7 the average cost of expressways estimated at from. Sl, 000,000 to $2,000,000 or 
. t to $2, 500,000 per mile, ina city such as Louisville. . Funds might be utilized 
in developing a short section of one route completely, or, more desirably, in 
a developing a longer § section 1 partly with | pr ogressive improv ement as additional 
funds | become available. — Such | progressive construction gives motorists | who 
are unacquainted with expressways the | opportunity c of appreciating their value. 
_ Mr. B Barnett has s demonstrated the ease with which numerous methods of 
"stage construction can be employed if the 1 right of way y for the development is 


available. — Land acquisition is one of the important aspects of —— | 


Nors.—This paper by Joseph Barnett was published j in March, Proceedings. 
Mgr. (H. W. Lochner & Co.), Chicago, Tl. 


Received by the Secretary April 1, 1946, 
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dev elopment. | Snaialiaales in ‘most cases it is the most difficult to attain 
nd its realization is dependent to a large 


preliminary engineering report. 
ic In the past, most states have required local agencies to obtain the right of 7 
] 


way for highway improvements. It appears that in several states local ag agencies 

- will still be be required | to obtain the right of way, with one- third aid from the -_ 
federal gov gov ernment. bes In those cases, particularly, the plan must be s re 
legislators | to assure the appropr iation of th the relatively large a amount of money 
required to secure the needed lands. ? One of the major functions of the pre- 
liminary engineering report is that of selling the -plan—not not only to the offici: als 
to the public as wel 38) 

In most large cities .where the cost of expressways is relatively high, the | 
| | projects can be justified only by designing the route as an artery for all forms 


of transportation. ite ‘Each’ artery should be planned to accommodate m mass- 

transportation v ehicles as well as private v ehic les. The saving ii in time for the 

large number of mass- -transporta ition riders which can be effected on express- 
ways of itself will justify a very high proportion of the improvement co cost. 


we One of the intangible benefits to be derived from sound vere! of o> 


many instances fraction al pieces of “properties will, remain 

acquisition of land for highway right of way. -_ This land can be secured for 

use at a v ery small additional ost. Loe: ated along the expressway 


7 (which « could be landscaped), s such p piec ces of property: can be improved as as small 
parks or playgrounds for the be benefit of the adjoining neighborhoods. — Jae 
by Inq planning expressways, tra fhe infor mation is but one of the tools utilized. 
By the proper analysis of the data, factual information can be developed to 
| substantiate the selected location. Traffic information i is of | major value in 
— determining both volumes of traffic that will use the several access points and 
E their probable required capacities. — It is also particularly ‘important i in design- " 
ing terminal facilities to accommodate traffic desiring to 20 to and from the 
Beier ers area. No traffic survey technique has been developed which gives 


complete accuracy and the fineness of information that might be s desired. The 7 
“results of every type of origin-and-destination traffic survey require | careful 
analysis and application. Mr. Barnett mentions the “interview type” 5 of 
_ origin-destination survey. * —C omplete results of that type of survey are avail- 
ee ~ able for the City of Savannah (Ga.) which show that approximately 80% of 
the “to- -w traffic going to either industry or office was reported, together 
ode! a lesser percentage of the “‘to-shop” and “‘to- -recreation”’ traffic. -Fortu- 
lized nately the traffic to and from work consists of the larger part « of traffic 5 move- 
ly, — ment within cities, has the highest economic value, and accounts for most of 


ional the peak- hour traffic for w hich the expressway is designed. 

, who ed _ Expressway planning, if it is to be of long-range benefit, must envisage the 

value. changes and peeon of the urban area. Mr. Barnett mentions the fringe _ 

ds of depreciated residental properties’ around down ntown areas. In 
ent instances those areas w ill be redeveloped for industrial purposes. 1 such 

sway cases an expressw: ay y might be located as a buffer between the industrial areas ae a 
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‘areas. must fit into the 1 most advantageous 0 over- er-all of development. 


Each v vill influence estimated expressway tr 


‘is difficult pa them to eps the ‘nature of wach an improvement and: its 


benefits. In Chicago (Il. ) the Outer Drive—13 miles in length—built in- 


the park along the Lake Shore, follows general expressway standards. Eve en 
a with the example, lay men in Chicago have difficulty in | visualizing an express- 
“way built through the developed areas of the city. In planning a system of 

expressways in the average city it is desirable, therefore, to © make every effort | 


to improve even a ‘small area. ‘4 Such an Mesteation + will generate the public 


4 enthusiasm and desire for the completion of the entire system. ~~ 
_Frep Lavis,! M. ASCE.4@— -The subject of this paper is timely and indicates 


- general nature of some of ‘the problems. The paper, | how ever, would be 


To state (as the author does under the heading, ’) 
P et the roadbeds- [of railroads] are as useful today for the movement of 
trains: as when they were built”’ is a half truth which 1 ignores the fact the at road- 6 


beds of of railways, subgrade, ballast, ‘ties, , rails, and fastenings shave been and are 
being continuously i impr ‘oved. _ They have little semblance to the roadbeds of — 
even 25 years ago. _ The Pennsylvania Tunnel extension into New York, N. ¥,. 


Be _ One may question the statement of the author that the elevated structure | 


type e of ex expressway is the most. costly of allas regards construction a and also the - 
_ vague references to the value of operating cost of low rates of gradient. — There : 
‘ should be some indication that a large volume of literature on the subject « of 
_ trunk-line parkways, express highways, , and freeways is available. . Although i ‘it 
may | be impractical | to include a _ complete bibliography, it should be r mentioned 4 


that there is much s specific information on the subject. . The following three 
4 
by the writer are cited, for example: “The Money V alue of a 


Minute,”* “Highways : as Elements of Transpor tation,”* and “Safety | and Speeds 


Elaborate s studies were made in tiation Venezuela, about 1940 or 1941, and 
: the “‘Diagonales” were projected and partly built in the congested area of 


Buenos Aires, Argentina, before that. 
‘The p igi by Mr. Barnett is too vague and general to be of use to younger 


engineers, and it contains little that is new to engineers of knowledge and 
i in this particular field. . Asat matter, of fact, problems of this kind 


require the > application of the greatest ‘engineering know ywledge, 


and business judgment, to each specific 


4Cons. Engr., New York, N. Y. pene 

Received by the Secretary March 25, 1946. 
Annals, American Academy of Political and Social 1927. 
Transactions, ASCE, Vol. 95, 1931, p. 1020. | 
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4 ment will he rovided to new industria COT ane 
Balak. | : _ With the exception of New York City (N. Y.) and a few other isolated cities, 
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DISCUSSIONS iS 


its TECHNICAL. ~SURVEY—BROOKLYN 


A AFTER SIXTY YEARS 
SYMPOSIUM 


, 


‘By THEODORE BELZNER ad 


‘ 
BELZNER,? AFFILIATE, ASCE In addition to its real techni- 
eal importance, this s Symposium is of unusual inter est and is a very Vv valuable and 


Helpful contribution to engineering ‘literature. Brooklyn Bridge, the. oldest 


ong-span. suspension bridge, has had 62 years of extremely useful service. 
“Por years it carr ried much | heavier loads than were originally contemplated 


without un undergoing any major reconstruction. 
ae The n more that is known about. existing long-spa -span bridge structures, after bs 
othe _ many years of useful service, the more it is realized” that they demand careful 
"here and searching study to be designed efficiently. and that computation alone is no 
ct of "Measure of efficiency. Mathematical analysis and reasoning are mental oy opera 
igh it tions, and there i is usus tally enough uncertainty about the distribution ofsteelin 
joned a structure (particularly a structure of long ser vice) to make strain-gage mea- 
three surements indispensable for a satisfactory knowledge c of service effects. a Stress- 
, Car _ gage measurements will demonstrate the he agr eement between engineering theory 4 
needs and the actual behavior of the : structure. 
Very true and timely are Mr. Gray’ “Conclusion’ that: 
ve Seldom does a bridge designer have a full-scale model before him on which 7 


test the accuracy of his simplifying assumptions. Much. could still be 
learned from a judicious application of the strain gage.’ oi 4 
_ Also applicable is the old saying: “‘Anything worth doing at all is worth doing — 


well. This applies inv estigations of engineering structures, as well as 


ee Nore. —This Symposium was published in January, 1946, Proceedings. Discussion on this paper 
as appeared in Proceedings, as follows: April, 1946, by Isidore Delson, and T. Kennard Thomson. ‘ ‘ 


% Insp. of and in n Bridge, Dept. of Public Works, Ow of New York, 
ew York, N. 


y the Secretary Masch 19, 1946. 
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_ The time has come when large bridges, with | long service (particularly those 


the magnitude of the East River bridges), should be investigated for the 
_ purpose ¢ of comparing eer stresses with those measured by the strain : 
"Admitting | that fi field measurements are \re more or or less expensive, time 
‘consuming, and laborious s and that they require a a high order of instrumental ie & 
and technical skill to be of value, the fact remains that there are many situations ; 
‘in practice where the results of these stress investigations would give the 7m 
the answer to m: any otherwi ise indeterminate stress problems. 
important instance may be mentioned in connection with difficult 
os erection problem, some years on the Williamsburg Suspension. Bridge across the : 
- East River in New York, N. Y . To the writer’s knowledge, the first time in 
the history of the New Y ‘ork C ‘ity Department of Bridges (later the Department : 


of Plant and Struetures and still later the Department of Public Works) that 

extensometer "investigations | were ever conducted on one of its bridges, and 

particularly” on a structure of such’ magnitude, was in connection with this 

bridge. 7 Extensometer investigations were made during 1913 and 1914 under 

the direction of the late Austin Lord Bowman, M. ASCE, chief engineer, in 

cooperation with the National Bureau of Standards, under the auspices of the 


late James E. Howard, engineer with strengthening 


Ln The w writer was assigned to the extensometer investigation of the important 
truss members of the 1 main towers and of the legs of the intermediate towers at 
the: Brooklyn end. He recalls distinctly not only the difficult problems in- 


but also the alue of the extensometer measurements. One « of the 


wedging operations,?* particularly, solved a critical and perplexing erection 
_ problem, not only because of the close agre eement of the computed ¢ stresses: but. 
im because of the fact that, after the removal of the 5 pins, there were no ap- 
changes in the stresses of the member ers. ly a 
Also of the utmost importance to | this or any 0 other great bridge is its 
) potential life as it affects capacity, maintenance, and repairs. . With proper 
design, construction, protection, inspection, and maintenance, ‘the life of a 
steel str ‘ucture, under reasonable conditions, may be practically unlimited. 
Ee words, there is no danger or deterioration from _working str stresses if 


proper ly } prov rided for, and none from corrosion, if the steel i is properly y used and 


A 


conclusion, it can stated without fear that the 


Brooklyn Bridge, long regarded a as “The Eighth Wonder of the World,” is still 


the most famous and esthetic span inexistence. 


aaa % Discussion by Isidore Delson of the paper, ‘‘Stress Measurements on the Hell Gs ate | ram assets 
B. Steinman, Transactions, ASCE, Vol. LX XXII, 1918, pp. 1087--1089. 
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